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ABSTRACT  
The nuclear industry produces large volumes of radioactive solution waste, which 
requires treatment prior to final disposal or storage. A highly efficient treatment concept 
is the removal of harmful radionuclides from the bulk waste solution. Application of 
such a technique will result in considerable reductions in the volumes of waste that 
require solidification prior to final disposal, as well as in radioactive discharges from 
storage containers into the environment. The method for efficient removal of trace 
radionuclides from effluents, which contain large amounts of inactive metal ions (K+, 
Na+, Ca2+), must be highly selective for the radioactive component. This requirement 
can be met with the use of inorganic ion exchangers. Ion exchange as a separation 
process is relatively facile and energy-efficient compared to other traditional waste 
treatment techniques used in nuclear industry (e.g. solvent extraction, precipitation, 
evaporation). Inorganic materials lend themselves to this challenging task extremely 
well, because of their good tolerance against ionizing radiation and thermal stability, as 
well as their compatibility with the final waste forms. Very high selectivities can be 
obtained in inorganic ion exchangers and thus good separation efficiencies for trace ions 
in complex radioactive solutions of high concentrations of interfering salts, acidity and 
alkalinity. 
 
This dissertation presents a development work of new highly selective inorganic ion 
exchangers aimed for the treatment of nuclear waste solutions. The focus has mainly 
been on efficient separation of 90Sr from calcium bearing wastes (floor drain waters, 
groundwaters), and removal of the key-nuclides 137Cs, 90Sr and 58, 60Co from acidic 
solutions generated by reprocessing plants. Calcium strongly interferes with the 
selective uptake of strontium for most inorganic exchangers because of the similarity of 
the two elements and hence the great need for 90Sr/Ca2+ separation media. Also, there is 
a lack of an effective commercial product for acidic conditions, especially for the 
removal of 90Sr and activation corrosion products (e.g. 58Co, 63Ni, 59Fe).  
 
The ion exchange properties of a known ion exchange material (sodium titanosilicate 
Na2Ti2O3SiO4•2H2O) were controlled by systematic changes in the synthetic variables. 
Samples with a range of crystallinities have been prepared, and improved separation of 
85Sr from calcium, as well as 134Cs from potassium has been obtained with semi-
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crystalline derivatives. Antimony silicate is a highly strontium selective material in 
acidic conditions, but it also performs better than the commercial products crystalline 
silicotitanate (CST, IONSIV IE-910, UOP) and the zeolite clinoptilolite in the uptake of 
85Sr and 57Co from simulated neutral fuel pond water and floor drain water, 
respectively. To improve its affinity for cesium, the antimony silicate was doped with 
Ti4+, Nb5+, Mo6+ or W6+ in different mole ratios. The largest increase in cesium 
selectivity in acid is obtained with a ternary Sb-Si-W system. Selectivity for strontium 
and cobalt is still retained in this compound, but the presence of macro component 
sodium interferes strongly with 134Cs uptake. The tolerance for sodium in 134Cs uptake 
is improved in the isostructural Nb-Ti-W compounds. 
 
Understanding the origin of selectivity in inorganic ion exchangers is still somewhat 
limited. However, it is of great importance to increase this understanding in order to be 
able to design selective materials for effective separations of radioactive nuclides in 
variable conditions. By slightly altering the composition or dimensions of the three-
dimensional framework structure of an ion exchange material through cation 
substitution, exchangers with more desirable properties may be developed. The ion 
exchange properties of hydrous metal oxides of Sb5+, Si4+, Ti4+, Nb5+ and W6+ of the 
pyrochlore structure (A2B2O6O') have been studied as a function of the cubic lattice 
parameter. A relation between selectivity and the lattice parameter is observed, as 
indicated by an increase in 89Sr distribution coefficient (KD) values in 0.1 M NaNO3 
between 10.32-10.36 Å. However, the unit cell size in this region depends on the nature 
of the entering cation, and the observed increase is transient upon conversion of the 
exchanger to a bivalent cation form. Thus, steric hindrances play an important part in 
creating selectivity in these pyrochlore compounds. However, as several other factors 
typically simultaneously affect the ion exchange properties of inorganic ion exchangers 
(elemental composition, acidity, water content, hydration of exchanging ions) more 
fundamental work on the most promising materials must still be conducted in order to 
be able to make definite conclusions on the origin of selectivity. However, the obtained 
results already indicate that further fine-tuning of the elemental composition of Sb-Si-
Nb and Sb-Ti-W compounds could produce reasonably efficient ion exchangers for both 
cesium and strontium from aqueous nuclear generated waste. 
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1 INTRODUCTION 
 
1.1 Background 
 
Interest in the industrial use of inorganic exchangers has increased rapidly since the mid 
1980's. Increased environmental awareness has resulted in stricter regulations for waste 
releases and more effective treatment methods are required to meet these conditions. 
The need for efficiency is especially urgent in nuclear industry, which generates large 
amounts of radioactive effluents in almost all phases of the nuclear cycle, and from 
reprocessing of the waste for further use of some of the radioactive elements. Ion 
exchange as a separation process is relatively facile and energy-efficient compared to 
other common solution phase separation procedures used in industry (e.g. solvent 
extraction and precipitation). The challenge in nuclear waste treatment is the efficient 
separation of the radionuclides present in trace amounts from complex solutions, which 
contain high concentrations of interfering inactive components, or extreme acidity or 
alkalinity. Therefore the method for effective separation in such conditions must be 
selective only for the trace ions in question. The major attraction in the use of inorganic 
ion exchangers in such applications is their good chemical and thermal stability, and the 
possibility for obtaining very high selectivities and thus, good separation efficiencies. 
 
Ion exchange was originally discovered to take place in soils, such as clays and zeolites. 
These materials found application as water softeners, but the first commercially 
available ion exchangers were amorphous aluminosilicate gels. They were of low 
chemical stability and a need for alternatives led to the development and synthesis of 
organic ion exchange resins in the 1930's. However, the beginning of nuclear 
technology in the 1940's demanded materials with still better thermal (>150°C) stability. 
The application of an exchanger in the treatment of nuclear waste solutions also requires 
good resistance of the material to ionizing radiation, which is a property the organic 
resins tend to lack. Therefore, the focus of researchers returned to inorganic ion 
exchangers. 
 
Acid salts of metal oxides, such as phosphates, molybdates and antimonates proved to 
be superior to many organic resins in this respect. These materials also had other 
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important and advantageous properties needed in efficient separation of ions, such as 
high selectivity and capacity. However, these sorbents were mostly amorphous in nature 
and elucidation of the ion exchange mechanism, and their physical and chemical 
properties, was very difficult and limited. The discovery of a crystalline phase of 
zirconium phosphate in 1964 made it possible to explain its observed ion exchange 
behavior in structural terms [1-2]. The increased knowledge of the crystalline structures 
of many inorganic compounds since then allows for more in-depth studies of the 
correlation between the structure and observed ion exchange properties of a compound. 
Although originally the intent of the studies involving inorganic ion exchangers such as 
hydrous oxides, salts of polyvalent acids, and zeolites, was to explore their suitability 
for the treatment of nuclear waste solutions and purification of water, another approach 
in the search for efficient ion exchangers may now be taken. Traditionally the 
development of new materials for specific, desired conditions by the 'trial and error' 
approach has required a great deal of experimental effort and time. With the 
understanding of the origin of selectivity in inorganic ion exchangers, one could achieve 
greater control over the properties of the materials through synthetic design, and thus 
fine-tune the ion exchange properties for highly selective separation applications for 
almost any desired conditions. However, because the origin of selectivity in these 
materials is not yet adequately understood, this approach requires that more 
fundamental research be carried out with most of the crystalline exchangers known 
today. By slightly altering the composition or the three-dimensional structure of the 
compound through systematic changes in synthetic variables and framework cation 
substitution, exchangers with desirable properties may be developed. The application of 
an analogous approach involving isomorphous framework substitutions in microporous 
titanosilicates has already led to materials with improved properties [3-4]. 
 
 
1.2 Ion exchange materials 
 
Inorganic ion exchangers are a vast field for study and materials of ever-higher 
selectivities are required to treat the large amounts of nuclear waste around the world. 
Some inorganic ion exchangers such as zeolites, sodium titanates, titanosilicates and 
hexacyanoferrates are in use at nuclear sites today, but organic resins have traditionally 
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been favored over the inorganic materials (except zeolites) in industrial applications and 
in separation techniques involving ion exchange. Generally, the organic exchanger is 
built from a cross-linked hydrocarbon polymer backbone, such as the 
polystyrenedivinylbenzene (SDVB), to which charged functional groups are attached. 
Depending on the nature of the functional group, the resins range from strong acidic 
cation exchangers (-SO3-) to strong basic anion exchangers (-N(CH3)3+) [5]. Another 
group of organic resins is the chelating resins, which have donor atoms such as the 
nitrogen in R-N-(CH2COOH)2 (iminodiacetic acid) which can form covalent or ionic 
bonds with metals that are being sorbed [6]. However, chelating resins are kinetically 
rather slow and more expensive than conventional resins. The organic resins are widely 
used in hydrometallurgic industry. 
 
Natural zeolites such as clinoptilolite, chabazite and mordenite have been extensively 
studied for applications in nuclear waste treatment, and zeolites were the first materials 
to be used in large-scale processes to treat these wastes. They have also been used as 
water softeners in detergents (exchange of Ca2+ and Mg2+) for many decades. Their ion 
exchange properties have been thoroughly investigated and the regular structures are 
well suited for many ion exchange modeling purposes [7-9]. Zeolites are crystalline 
hydrated aluminosilicates, built from [SiO4]4- and [AlO4]5- tetrahedra connected by 
oxygen bridges. The rigid three-dimensional structure, with cavities and tunnels of 4-7 
Å in size, often acts as an 'ion sieve' and it structurally separates ions according to size 
(Figure 1a). At least 100 different zeolite structures are known today and new 
microporous framework materials are continuously being synthesized, many with 
structural topologies analogous to the known zeolites. Increasing the Al content gives a 
negative net charge to the framework, and by varying the Si/Al ratio, zeolites with 
different capacities and selectivities may be obtained. The ion exchange capacity of a 
zeolite may be as high as 2 meq g-1, which is about the same as in organic resins, but 
they are not as selective as some other inorganic compounds produced recently. 
Because of their relatively low selectivity, zeolites are not adequate for the removal of 
radionuclides from solutions of medium or high salt concentrations. Their use is also 
limited to a fairly narrow pH range because of the dissolution of aluminum and silicon 
from the framework at extreme pH conditions. 
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Several new ion exchange materials with higher selectivities than those in zeolites have 
been developed in the last twenty years [10]. Hexacyanoferrates and some salts of 
heteropolyacids are known to possess high affinity for cesium. Hydrous metal oxides, 
titanosilicates and titanates, although often weakly acidic in nature, have shown high 
selectivities for strontium in alkaline conditions. Most of these materials have 
microporous framework structures and, as in zeolites, the ion exchange properties stem 
from the charge density and the pore size of the structure.  
a) 
 
 
 
b) 
 
 
Figure 1. The structure of zeolite clinoptilolite with tunnels and cavities[11] (a), and the cubic 
crystal structure (Fm3m) of potassium cobalt hexacyanoferrate, K2CoFe(CN)6 (CN groups are 
located between iron and cobalt in the framework) [12] (b). 
 
 
The potassium cobalt hexacyanoferrate, K2CoFe(CN)6 has a cubic crystal structure 
and a lattice parameter of about 10 Å (Figure 1b) [12]. It is usually prepared by simple 
precipitation, and although the product is crystalline, ion exchange seems to happen 
mostly on the surface of the particles among other sorption mechanisms. The 
commercial product of K2CoFe(CN)6, CsTreat (Fortum, Finland), takes up cesium 
with high efficiency in the presence of competing sodium, calcium and magnesium ions 
over a broad pH range (pH 1-13). Potassium ions interfere rather strongly with cesium 
uptake, but separation is still reasonably good in 1 M potassium solution and therefore it 
is effective for the treatment of many types of nuclear waste [13-14]. Other 
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hexacyanoferrate compounds studied for use in nuclear waste treatment are the nickel, 
zinc and copper hexacyanoferrates [15-17]. 
 
The heteropolyacid salt, ammonium molybdophosphate (NH4)3PMo12O40 (AMP), is 
another compound, which is known to be very selective for large monovalent cations in 
acidic conditions [18]. Its crystal structure is also cubic, and it comprises of anionic 
[PMo12O40]3- units, which form a structure with intersecting channels. The NH4+ cations 
occupy the so formed relatively large cavities. Despite its extremely high selectivity for 
cesium, pH limits the use of AMP to acidic solutions because dissolution of 
molybdenum from the framework occurs at pH >6 [19]. 
 
At present crystalline silicotitanate, CST (sodium titanosilicate) is the most 
promising material for the removal of radioactive cesium from high salt waste solutions 
over a broad pH range [20-23]. However, the selectivity for Cs+ decreases significantly 
in highly alkaline solutions of high sodium concentration [20]. The mineral 
silicotitanate is known to contain small amounts of niobium, and Nb5+ was added to the 
framework of the engineered beaded form of CST (IONSIV IE-911, manufactured by 
Union Oil Products, UOP) to improve cesium affinity in highly alkaline solutions [24]. 
Also, the presence of macro component potassium is a strong interfering factor both in 
cesium and strontium uptake for this material. In a special characteristic, in addition to 
cesium, CST is also very selective for strontium. However, it cannot be applied for 
efficient 90Sr removal below pH 7 because of its weakly acidic nature [23-26]. The 
synthesis and properties of sodium titanosilicate will be discussed in more detail later. 
 
Sodium titanate with an ideal formula of Na4Ti9O20•nH2O is a layered material, which 
has been found to be highly selective for strontium in basic conditions in the presence of 
high concentrations of sodium. It is prepared by refluxing titanium dioxide in a solution 
of concentrated sodium hydroxide, but the product is typically poorly crystalline [27-
28]. Therefore, its exact crystal structure has not yet been determined. Generally, 
sodium titanates are built from three TiO6 octahedra sharing edges, which are joined 
together through corners to other similar chains of octahedra, thus forming layers. The 
sodium ions are located in between the layers (Figure 2). As the ion exchange properties 
strongly depend on the crystallinity of the material, the strontium selectivity of sodium 
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titanate also varies somewhat, depending on the synthesis conditions of the material. 
Typically, the ion exchange properties of crystalline layered materials may be controlled 
by the interplanar distance. As layered structures are generally more elastic than rigid 
three-dimensional frameworks, changes in the structure can be achieved by 
intercalation, or simply by changing the interstitial cations of the two-dimensional 
system. The interlayer distance, which usually is between 3 - 15 Å in titanates, is about 
9.7 Å for Na4Ti9O20•nH2O in the hydrated form. This is large enough to allow the 
diffusion of cations in their hydrated forms into the structure and thus strontium may 
also be sorbed as Sr(OH)+, explaining the high selectivity. Titanates may possess ion 
exchange capacities as high as 9 meq g-1. A Finnish company, Fortum Ltd., 
manufactures sodium titanate (SrTreat) in large scale for industrial applications. It is 
very efficient for strontium removal in basic solutions, but it too, being a weakly acidic 
exchanger, performs poorly even in slightly acidic conditions.  
Figure 2. The layered structure of a sodium titanate [29]. 
 
 
CoTreat is another titanium oxide based compound, which has been used with 
reasonable success in the removal of cobalt and other activation corrosion products from 
floor drain waters at the optimum pH range of 5-7 [30]. The uptake mechanism of 
cobalt is complicated by the fact that it seldom exists as a divalent cation, but is often 
complexed and in association with iron colloids in neutral and alkaline waste solutions. 
Prior to the discovery of CoTreat, practically only activated carbons had proven to be 
adequately efficient for the separation of cobalt [31]. Activated carbons are peat or coal 
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based materials, which have a surface activated by carboxyl or phenolic hydroxyl 
groups.  
 
The benefits from using highly selective inorganic ion exchangers are not only the 
significant reductions in the liquid waste volumes and radioactive discharges into the 
environment, but also considerable reductions in the costs of waste management and 
processes for disposal. The savings are ultimately several times larger than when using 
generally less expensive, but also less selective, organic resins or zeolites. The 
processing capacities of these materials are many times smaller, and therefore their 
operation ages are shorter than those of exchangers of high selectivity. Therefore it is 
important to rather optimize this property than the capacity when designing new 
materials. Inorganic materials typically have a maximum value for the ion exchange 
capacity (< 9 meq g-1 for titanates), but there is no limit for selectivity. A good example 
of an ion exchanger with high selectivity but low capacity is potassium 
cobalthexacyanoferrate (CsTreat). It has higher selectivity for cesium than any of the 
other commercially available materials, although its Cs+ capacity is very small (Table 
1). 
 
Table 1. Selectivity coefficients for Cs+/Na+ exchange on some commercial 
 cesium selective ion exchange materials [13]. 
 
Material 
 
kCs/Na 
Cs capacity  
(meq g-1) 
Concentration of Na+ 
(M) 
Organic resin (sulphonic acid) < 10 ~2 --- (unknown) 
Zeolite (mordenite) 450 ~2 0.1 
Silicotitanate (CST, UOP) 18 000 ~2 5.7 
Hexacyanoferrate (CsTreat) 1 500 000 0.36 5.0 
 
 
1.3 Inorganic ion exchangers in nuclear waste treatment 
 
There are more than 400 reactors in operation at nuclear power plants around the world. 
These generate large amounts of low-level waste (LLW) that contain radioactive 137Cs 
and activation corrosion products e.g. 60Co, 63Ni, 65Zn, 51Cr, 54Mn, 59Fe, and 95Zr (Table 
2), mostly in solutions of low salt concentrations. The effluents typically are leakages 
from the primary circuit, spent fuel storage pond waters, and floor drain waters. These 
solutions are often combined and concentrated by evaporation to reduce the volume. 
However, the evaporator concentrates generated this way are highly alkaline and 
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contain high concentrations of sodium and potassium, and are thus more difficult to 
treat for final disposal. 
 
Wastes of higher activity are generated by the reprocessing plants (intermediate level 
waste (ILW) and high-level waste (HLW)). Countries that reprocess their spent fuel are 
UK, France, Japan and Russia. In reprocessing, spent fuel is dissolved in acid and 
plutonium and uranium are separated for re-use. This generates acidic high-salt wastes 
that contain 137Cs and 90Sr, transuranium elements 241Am and traces of 239Pu, as well as 
anionic nuclides 99Tc and 106Ru (Table 2). The many purification and washing cycles 
also produce large volumes of ILW and LLW of lower salt concentration and higher 
pH, which may be contaminated with α-activity. Therefore, the conditions in nuclear 
waste liquids are many (Table 3), and the requirements for an efficient ion exchanger 
for the treatment of such solutions challenging.  
 
Table 2. Half-lives (T1/2), the main decay modes and energies  
of some radionuclides present in nuclear waste solutions. 
Radionuclide Half-life (T½) Decay mode and energy 
90Sr 28.5 a β- 0.5 MeV 
137Cs 30.2 a β- 0.5 MeV 
60Co 5.27 a β- 0.3 MeV, γ 1332 keV 
63Ni 100 a β- 0.07 MeV 
59Fe 45.1 d β- 0.5 MeV, γ 1099 keV 
54Mn 312 d γ 835 keV 
65Zn 244 d β+ 0.3 MeV, γ 1115 keV 
51Cr 27.7 d γ 320 keV 
95Zr 64 d β- 0.4 MeV, γ 757 keV 
239Pu 2.4•104 a α 5.16 MeV 
241Am 432.6 a α 5.48 MeV, γ 60 keV 
99Tc 2•105 a β- 0.3 MeV 
106Ru 368 d β- 0.04 MeV 
 
 
Zeolites have been applied to the separation of cesium for more than 15 years. The 
natural zeolite clinoptilolite (ideal composition (Na, K, Ca)2Al6Si40O72•24H2O) has 
been used for the removal of 137Cs, 90Sr and corrosion products by British Nuclear Fuels 
Ltd. (BNFL) at the Sellafield site and SIXEP (Site Ion Exchange Effluent Plant) since 
1985 [32]. However, because of the limitations of the zeolite, more selective media are 
required for the treatment of high-salt and alkaline wastes.  
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Table 3. Compositions of typical nuclear waste solutions. 
 Concentration in the waste stream (ppm) 
 
Component 
Fuel 
pond 
water  
NPP floor 
drain water 
Evaporator 
concentrat
e 
Acidified 
supernatant  
NCAW Sellafield area 
groundwater 
Na 100 200 23 000 32 190 115 000 8 300 
K  20 3 900  4 700 150 
Rb     4.3  
Mg 1.5 12    143 
Ca 1.5 40    1 080 
Fe    5 640   
Mn    2 360   
Cr    4 110   
Al    11 870 11 600  
Si    9 980   
SiO2  <10      
HCO3- 265     122 
CO3     13 800  
NO2      19 800  
NO3-  675 x 120 900 104  
PO4      2 400  
SO4      1 060 
F-  x  460 1.7  
Cl-  x    14 400 
Cs 0.017    66  
Sr 0.5•10-3      25 
OH     57 800  
pH ~7 7 6 ~2-3 14.5 8 
Main 
radionuclides 
137Cs, 
90Sr, 60Co 
134, 137Cs, 
60Co, 51Cr, 
54Mn, 
58Co, 59Fe, 
65Zn, 63Ni 
134, 137Cs, 
60Co,  
51Cr, 54Mn, 
58Co, 59Fe, 
65Zn, 63Ni 
137Cs, 90Sr, 
99Tc 
137Cs, 90Sr, 
239Pu, 
241Am, 
99Tc 
137Cs, 90Sr 
NCAW = Neutralized Current Acid Waste (Hanford); x=concentration unknown. 
 
 
Potassium cobalthexacyanoferrate (CsTreat) has been successfully used at Loviisa 
NPP, Finland, since 1991 to remove cesium from a high-salt evaporator concentrate (3 
M NaNO3 and 0.3 M KNO3) in column operations. It has also been used at Olkiluoto 
NPP and Callaway NPP, USA, in low-salt floor drain waters for the separation of 137Cs 
[33-34]. A project at Japan Atomic Energy Research Institute's (JAERI) Tokai site that 
used both CsTreat and sodium titanate SrTreat for the removal of 137Cs and 90Sr from 
alkaline reprocessing effluent was succesfully completed in 2000. A similar system had 
been used in a transportable system in Murmansk, Russia in 1996-97 for the treatment 
of waste originating from nuclear powered icebreakers [35]. At the Enhanced Actinide 
Removal Plant (EARP), Sellafield, UK, CsTreat was applied in batch precipitation 
experiments to remove cesium. This method, however, is clearly less efficient for 
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volume reductions than the ion exchange process in column operations. Other sites at 
which these and other materials have been used are given in Table 4.  
 
Table 4. Ion exchangers tested or in use at nuclear power plants and reprocessing plants. 
Site Type of waste Media / Ion 
exchanger 
Radionuclides 
removed 
Starting year of 
application 
Loviisa NPP, Finland Evaporator 
concentrate 
CsTreat 137Cs 1991 
Olkiluoto NPP, 
Finland 
Floor drains CsTreat 137Cs 1997 
Callaway NPP, USA Floor drains CsTreat 137Cs 1996 
Paldiskij, Estonia Various wastes CsTreat 137Cs 1996 
Murmansk, Russia Waste from 
icebreakers 
CsTreat 
SrTreat 
137Cs 
90Sr  
(60Co, 125Sb) 
1996-97 
JAERI, Japan Reprocessing waste 
waters 
CsTreat 
SrTreat 
137Cs 
90Sr 
1992-2000 
Savannah River Site, 
USA 
Contaminated pool 
disassembly water 
CsTreat 
SrTreat 
137Cs 
90Sr 
2000 
EARP Sellafield, UK Reprocessing plant CsTreat as 
precipitant 
137Cs 1994 
Oak Ridge, USA 
Hanford, USA 
Highly alkaline tank 
wastes 
CST (IONSIV 
IE-911) 
137Cs 
90Sr  
 
Idaho, USA Acid waste AMP-PAN 137Cs  
Paks, Hungary Evaporator 
concentrates 
CsTreat 137Cs 2001 
 
 
In the USA and Russia there is an enormous legacy of highly radioactive waste formed 
during the period of nuclear weapon production. This waste has been stored in large 
tanks for more than 50 years and the elemental composition of most of it is dubious. 
Originally the tanks contained highly acidic solutions, but were then neutralized with 
sodium hydroxide for concomitant disposal. They are now complicated three phased 
systems of a hydroxide sludge, a salt cake and an alkaline supernatant. The actinides 
(239, 240Pu, 241Am and 238U) tend to concentrate in the sludges, whereas radioactive 
cesium, strontium as well as technetium mostly stay in the caustic solution and the salt 
cake. The pH of the supernatant can be as high as 14 and the concentration of Na+ as 
high as 7 M. The U.S. Department of Energy (USDOE) site at Hanford, WA, has 177 
underground steel tanks, some of which are leaking. Some 137Cs and 90Sr contamination 
has already been found in the nearby Columbia river, although the situation seems to be 
even worse in Russia. Therefore the remediation of these wastes is urgent. The 
crystalline silicotitanate material IONSIV-911 has been considered the primary 
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candidate for the treatment of these high-salt and alkaline wastes. It was tested 
successfully at Oak Ridge, TN, and has been tried on actual waste at Hanford [36].  
 
However, the lower mechanical strength of the inorganic ion exchange materials, which 
often can be prepared only in powder-like form, limits their use in column applications. 
This may be overcome by adding a polymer support to the powder, or by preparing a 
composite exchanger to obtain granular material [37]. Ammonium molybdophosphate 
(AMP) has been granulated rather successfully with a polyacrylonitrile (PAN) support, 
and has been tested for cesium removal at Idaho National Laboratories in laboratory 
scale [38]. However, the addition of a support matrix often decreases the capacity of the 
exchanger through 'dilution', and channeling in the column beds may become a problem 
if the composite material is not stable or homogenous. These problems are avoided in 
newer processes which involve the use of the materials in powder form in thin-layered 
pre-coat applications and membrane filters. The benefit of these methods is the faster 
flow rates than those in conventional column operations with granular materials [39].  
 
 
1.4 Scope of the study 
 
With the view of long-term disposal of low and intermediate active waste at minimum 
volume in solid form, the aim of this study has been to develop several novel inorganic 
ion exchangers and to improve the performance of some known materials for efficient 
removal of radionuclides from aqueous nuclear effluents. The good compatibility of 
inorganic materials with the final waste forms, such as glass and concrete, and their 
tolerance against ionizing radiation are critical advantages of these materials over the 
organic exchangers. Particularly, the objective has been to develop selective materials 
for removal of the important fission products 90Sr and 137Cs from acidic solutions, 
respectively, as well as to obtain efficient separation of both nuclides from solutions that 
contain large amounts of typical interfering ions (Ca2+, K+ for 90Sr and Na+, K+ for 
137Cs). An effective media for the removal of activation corrosion products (e.g. 58Co, 
63Ni, 59Fe) would also be in demand. Because the chemical conditions in these wastes 
vary considerably, one exchanger could not possibly cover the challenging task of 
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selectively removing all the radionuclides present in trace concentrations; rather, 
materials with very different properties are needed. 
 
The crystalline antimony silicate of a three-dimensional framework structure of the 
pyrochlore-type (general formula A2B2O6O') has been found to be selective for 
strontium in acid [II and V]. In order to improve the affinity for cesium and cobalt, it 
was doped with a third element, Ti4+, Nb5+, Mo6+ or W6+ in different mole ratios [II, III 
and V]. The aim was to obtain an exchanger with reasonably high selectivity for the 
three key radionuclides in acidic conditions. The ion exchange properties of these 
isostructural compounds were studied as a function of elemental composition and the 
lattice parameter of the cubic unit cell in order to obtain a better understanding of the 
factors that affect ion exchange selectivity in these microporous framework materials 
[IV]. A clear relationship between selectivity and the lattice parameter was observed, 
although several other factors (e.g. acidity and cationic form of the exchanger, hydration 
of exchanging ions) simultaneously affect the ion exchange properties of the materials 
and thus make the understanding of the origin of selectivity difficult at this point of the 
study. 
 
The ion exchange behavior of an inorganic material is usually strongly related to the 
crystallinity of the exchanger. The synthetic variables of sodium titanosilicate were 
systematically controlled and products with different degrees of crystallinity have been 
obtained, which are derivatives of the commercial ion exchange material crystalline 
silicotitanate (CST, UOP) [I]. The object of the optimization of crystallinity was to 
obtain better separation of strontium from calcium. A group of molybdophosphate 
materials was also evaluated for radionuclide removal from 'model' solutions. 
Experiments on these microporous framework compounds with relatively unknown ion 
exchange properties were motivated by the high selectivity of the compositionally 
related ammonium molybdophosphate (AMP) for cesium in acid [VI]. 
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2 ION EXCHANGE THEORY 
 
2.1 Binary exchange 
 
Ion exchangers generally are insoluble solids that have cations or anions available for 
exchange. In a typical binary ion exchange reaction, the solid with the exchangeable 
cations BzB  is contacted with a solution containing cations AzA , and the exchange 
process may be expressed as in equation 1, 
 
BA
z
A
z
B BzAz + ⇋ B
A z
A
z
B BzAz +       (1) 
 
where the barred symbols refer to the ions in the solid phase, and zA and zB are the 
respective ion charges. As opposed to sorption, ion exchange is a stoichiometric 
reaction, and each ion removed from the exchanger is replaced by an equivalent amount 
of another ion to retain charge neutrality. Selectivity is a characteristic of each ion 
exchange material and is determined by several factors, such as the nature of the 
exchanging ion, its charge, size and hydration, the structure and the net charge of the 
framework of the exchanger, and the concentration of the surrounding solution (degree 
of loading). For binary ion exchange in a reaction between ion A and B, the selectivity 
coefficient kA/B can be determined as in equation 2: 
 
[ ] [ ]
[ ] [ ] AB
AB
ZZ
ZZ
BA
BA
k =A/B         (2) 
 
where [ ]A , [ ]B  refer to the ion concentrations in the exchanger, and [A] and [B] to 
those in solution. In the special case that A is present in trace amounts ( [ ]A <<[ ]B , [A] 
<< [B]), the concentration of B in the exchanger ([ ]B ) is practically constant and equal 
to the ion exchange capacity Q of the exchanger ([ ]B ≈Q). Distribution of the ions 
between the solid and the solution phase is described by the distribution coefficient (KD) 
(KD = [A] in exchanger / [A] in solution, ml g-1), and it can be taken as an indicator of 
the affinity of the exchanger for a specific ion in the prevailing conditions. For 
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equivalent exchange of trace A and macro B (zA=zB) the KD can then be expressed as in 
equation 3. 
 
[ ]
[ ] A
A
B
z
z
BA
z
B
QkK /D =         (3) 
 
Taking a logarithm of this gives equation 4, which can be used in defining the 
mechanism of the ion uptake by the exchanger. 
 
[ ]BzzQkzK BAZBABD A log)/()log()/1(log / −=     (4) 
 
In dilute solutions (< 10-2 mol l-1), such as the low-active nuclear wastes in which the 
concentration of the radionuclide is ~10-10 mol l-1, the KD of the trace ion A depends 
only on the solution concentration of ion B (the selectivity coefficient is practically 
independent of the ionic strength of the dilute solution and no activity correction is 
necessary, i.e. deviation of γΑ/γΒ from unity is insignificant). Plotting logKD as a 
function of log[B] generates a straight line with a slope of (zA/zB) when sorption of the 
ion is equivalent exchange of ion A for ion B [6, 40-41]. However, as shown by 
equation 5, the linear dependence of KD on [A] requires that [A]<< [B] / kA/B. 
Therefore, in a case the exchanger is highly selective (kA/B is very high, e.g. > 50 000) 
even if [A]<<[B], the dependence may not be linear, and deviations from slope -(zA/zB) 
may be observed at low [B] with increasing selectivity. 
 
[ ] [ ]A
k
B
QK
BA
D
+
=
/
       (5) 
 
The capacity of an ion exchanger (Q, meq g-1) is a term which describes the quantity of 
uptake of exchangeable ions under specific conditions. The theoretical capacity is often 
higher than the apparent capacity, which strongly depends on solution concentration and 
pH. In addition, the framework of the exchanger may create circumstances in which the 
access of larger ions and hydrated cations is prevented, and therefore the experimentally 
obtained maximum uptake may not represent theoretical capacity. An exchanger with a 
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high charge density is more likely to be able to strip the hydration shell of an ion, thus 
enabling the entrance of the bare ion, than a material of low framework charge. This is a 
phenomenon well demonstrated in zeolites.  
 
 
2.2 Chemical and physical interferences in the ion exchange process 
 
There are several chemical and physical phenomena that have to be taken into account 
when studying the ion exchange equilibria. If these are not recognized, it may result in 
inaccurate determination of the ion exchange properties. Weakly acidic exchangers, 
such as zeolites and titanium oxide based materials, may undergo hydrolysis in dilute 
solutions (< 0.01 M) [42-43]. The uptake of hydronium ions (H3O+) from water by the 
exchanger (R) may result in a release of significant amounts of exchangeable ions (B) 
into solution. Simultaneous dissociation of water increases the pH of the solution 
enough such that it may result in precipitation of hydrolyzable ions, changes in their 
speciation and even dissolution of the weakly acidic exchanger itself (equation 6). 
 
R- BzB  + 2 H2O ⇋ R-H3O+ + OH- + BzB     (6) 
 
The hydrolysis of the exchanging cations may also cause errors in the determination of 
the ion exchange capacity and the exchange equilibria. As hydrolysis increases with pH, 
an increasing proportion of the metal ions may be present as neutral or anionic species 
in the solution and therefore not available for cation exchange. These phenomena would 
appear as a decrease in the distribution coefficient (KD), and the change in the 
speciation of the cation (e.g. Sr2+ may exist as a monovalent species Sr(OH)+ at pH > 
10) also as a deviation from the expected slope of the log(KD) plot for the ideal 
equivalent exchange mechanism (Equation 4). 
 
Peptization of the exchanger is another possible interfering phenomenon in ion 
exchange that is especially troublesome when radiotracer techniques are used. The 
exchanger may release small colloidal particles into the solution, which sorb ions in a 
manner similar to that of the exchanger, and thus small portions of the radioactive ions 
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remain in solution. This results in an erroneously low KD value if the separation of the 
solution and solid phases is insufficient. 
 
 
3 THE FRAMEWORK MATERIALS UNDER STUDY 
 
There are only a handful of inorganic ion exchangers that are efficient enough to treat 
the complex nuclear wastes of today, and not all types of wastes have an appropriate 
medium for the selective removal of the radionuclides. An exchanger with high 
selectivity for 90Sr in acidic conditions and in the presence of the interfering macro 
component calcium is gravely needed, and would find almost immediate application in 
the waste treatment industry. The separation of activation corrosion products (e.g. 58Co, 
63Ni, 59Fe) from low-salt floor drain and fuel pond waters is also becoming an important 
task with the tightening of regulations regarding radioactive discharges into the 
environment. Many of the ion exchangers used and studied for these applications have 
three-dimensional framework structures (e.g. zeolites, hexacyanoferrates, metal oxides). 
The tunnels and cavities in these microporous materials offer a suitable system for 
selective cation sorption as well as possible structural modifications. 
 
The sodium titanosilicate is highly selective for both strontium and cesium, and has also 
shown good separation of Sr2+ from Ca2+. The hydrous antimony pentoxide of the 
pyrochlore structure type has very high affinity for strontium in acidic solutions. These 
materials, as well as a group of molybdophosphates with three-dimensional framework 
structures, were selected for evaluation and further development with the hope of 
obtaining derivative compounds with improved ion exchange properties. A group of 
metal oxide pyrochlores derived from the antimony pentoxide was also studied in an 
effort to obtain better understanding of the origin of selectivity in these ion exchange 
materials. 
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3.1 Sodium titanosilicate 
 
Microporous titanosilicate compounds have received a considerable amount of attention 
as ion exchangers [20, 44-48] since the discovery of ETS-4 and ETS-10 (ETS for 
Englehard Titanium Silicate) materials in 1989 [49]. Some of these titanosilicates have 
proven to be good ion exchangers in neutral and alkaline solutions. A potassium 
titanosilicate K3H(TiO)4(SiO4)3•4H2O, an analogue of the mineral pharmacosiderite 
with a cubic unit cell (P43m, a=7.82 Å in proton form) [50], has been evaluated for the 
removal of cesium and strontium from various aqueous waste streams [26, 51-52]. Also, 
the effect on the ion exchange properties of the substitution of germanium for titanium 
in the framework has been studied and found to increase the affinity of the material for 
both Cs+ and Sr2+ [3-4]. This was one of the first systematic studies in which the ion 
exchange properties of the crystalline three-dimensional framework material were 
directed through structural alterations. 
 
A related compound is the sodium titanosilicate of an ideal formula of 
Na2Ti2O3(SiO4)•2H2O. It was first developed in 1993 and has a tetragonal unit cell with 
approximate cell dimensions of a = b = 7.8 Å and c ≈ 12.0 Å [24, 48, 53]. The 
framework is constructed from clusters of four corner-sharing TiO6 octahedra that are 
linked by SiO4 tetrahedra along two unit cell axes in a square-like arrangement. These 
squares are joined to similar ones by Ti-O-Ti bridges along the third direction (Figure 
3). 
Figure 3. The tunnel-like structure of sodium titanosilicate Na2Ti2O3(SiO4)•2H2O [44]. 
 Ti 
Si 
  18 
Half the sodium ions are located inside the formed tunnels and the remainder are found 
in the framework between the silicate groups. However, because of space limitations, 
some of the Na+ in the tunnels are in fact replaced by H+, and the actual formula of the 
compound is Na1.64H0.36Ti2O3(SiO4)•2H2O. The tunnels are of an ideal size for selective 
sorption of cesium ions [20, 53], thus making this material one of the most promising 
exchangers for cesium removal today [26, 36, 54]. In addition to high cesium selectivity 
over a broad pH range, Na2Ti2O3(SiO4)•2H2O is efficient for strontium uptake in neutral 
to alkaline solutions, and has some selectivity for Sr2+ over calcium. The theoretical ion 
exchange capacity is 7.1 meq g-1, but a capacity of only 3.75 meq g-1 (below pH 8) has 
been determined for Na+ and a maximum of 2.1 meq g-1 for Cs+ by Clearfield et al. [20]. 
At higher pH than 8, further uptake of sodium occurs at the tunnel sites, which prevents 
the uptake of cesium, and thus the low affinity for Cs+ in highly alkaline sodium 
solutions. The commercially available product of CST (beaded form IONSIV IE-911 
/powder form IE-910) contains about 15 mole% of niobium, which has been noted to 
improve the cesium selectivity in highly alkaline solutions [24]. Potassium is a very 
strong interfering cation for both cesium and strontium uptake. However an explanation 
of strontium selectivity in similar structural terms as for cesium has yet to be conducted. 
 
Na2Ti2O3SiO4•2H2O crystallizes under rather mild hydrothermal conditions in alkaline 
pH [48]. The mole ratio of Ti:Si, the duration of the synthesis, and the concentration of 
the base strongly affect the formation of the desired phase [55] and the crystallinity of 
the material. Therefore, the ion exchange properties may be controlled to some extent 
by altering the synthesis conditions. 
 
 
3.2 Hydrous metal oxides with the pyrochlore structure 
 
The ion exchange properties of simple hydrous metal oxides, such as the tetravalent 
SiO2, SnO2, TiO2, ZrO2 and MnO2 and the penta- and hexavalent oxides Sb2O5, Nb2O5 
and WO3, have been extensively studied since the 1940's [1, 56-65]. These materials 
were often amorphous in character and their properties varied widely depending on the 
preparative conditions. Hydrothermal treatment at < 200ºC usually improves the 
crystallinity of a product while still permitting it to retain its ion exchange properties. 
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The crystallinity of the hydrous metal oxides prepared by the sol-gel method at low 
temperatures may also be improved by heating the product to > 800ºC [66-68], but this 
generally decreases their capacity because of the irreversible removal of the structural 
water and hydroxyl groups (usually at temperatures > 400ºC). Similarly, it is possible to 
obtain highly crystalline materials via solid-state reactions at high temperatures (800-
1200ºC) [69-71], but such materials again seldom have significant ion exchange 
capacities because of the aforementioned reason. The recent hydrothermal preparation 
of WO3•0.5 H2O indicates that crystalline pyrochlores can be prepared at lower 
temperatures provided that the pH is favorable [72-73]. 
 
Typically, the metal oxides are weakly acidic, i.e. they do not dissociate in acid (do not 
act as ion exchangers in acidic conditions), although their acidity increases with higher 
valence of the metal. The hydrous antimony pentoxide (H3O+)2Sb2O6•nH2O [1, 74], has 
a high affinity for strontium in acid and an ion exchange capacity of 5.1 meq g-1 [63, 75-
76], which is larger than that of any other hydrous metal oxide. It has three crystalline 
phases, one of which is a pyrochlore structure type (Fd3m, a≈10.38 Å). Antimony 
pentoxide prepared by precipitation has traditionally been of low crystallinity but this 
property may be improved with long aging times (from 20 days to 2 years) and 
synthesis temperatures greater than 20°C, or by using more concentrated acid in the 
hydrolysis reaction [1, 63-64, 74, 77-78]. 
 
The cubic pyrochlore structure A2B2O6O may crystallize under a broad range of 
synthetic conditions when the atoms A and B are of appropriate size and charge. The 
most typical charge combinations are (A3+, B4+) and (A2+, B5+), with a radius of 0.87 < 
rA < 1.51 Å for A and 0.40 < rB < 0.78 Å for B [79], but other variations are also 
possible. The pyrochlore structure is constructed from corner sharing BO6 octahedra and 
an interpenetrating A2O chain, which together create a three dimensional framework. 
The eight-coordinate A cations are bonded to the oxygens of the BO6 octahedra and two 
O atoms (Figure 4). The A and O atoms of the A2O chain are not very essential in the 
stabilization of the basic structure, and vacancies at both sites may occur, leading to 
defect pyrochlores. Water molecules and other charge balancing cations are located in 
the tunnels and cavities of the framework [72, 80]. In general, the pore size in 
pyrochlores is smaller than in zeolites (4-7 Å). 
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Figure 4. The pyrochlore structure (general formula A2B2O6O', where A : dark big ball,  
   B : small gray ball, O : small dark ball. O' : not shown). 
 
 
Provided that charge neutrality is maintained the A3+ cation can be replaced by ion pairs 
such as (A3+, A'3+), (A2+, A'4+) or (A+, A'5+), and the B5+ cation substituted by e.g. (B5+, 
B'6+) combination. Simultaneous substitution at both sites results in ternary and 
quaternary oxide pyrochlores of practically unlimited number. Therefore, retention of 
the cubic structure with dimensions between 10-11 Å is expected upon doping a binary 
oxide with additional metals [79]. In a case when substitution of A and/or B is 
incomplete, the defect-pyrochlore may possess ion exchange properties different from 
those in the stoichiometric counterparts. 
 
The following selectivity sequences have been determined in antimony pentoxide for 
the alkali metals, Cs+ < Rb+ < K+ < Na+, and the alkaline earth metals, Mg2+ < Ba2+ < 
Sr2+ < Ca2+ (in 0.1 M HNO3) [64-65]. These correspond to the size order of the 
unhydrated alkali cations, but the sequence is less defined for the alkaline earths. The 
results obtained with the pharmacosiderites [3-4] suggest that the selectivities for 
cesium and strontium in antimony pentoxide could also be improved by framework 
substitution. The addition of silicon to does not alter the cubic pyrochlore structure of 
the pentoxide. The antimony silicate derivatives [81-83] and a titanium antimonate (of 
the rutile structure type) have also been found to have high strontium affinity in acid 
[84-86]. Some oxides of tungsten [72-73, 87-90] are also known to crystallize with the 
cubic structure of the pyrochlore, but relatively little ion exchange studies have been 
conducted with these materials. 
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3.3 Molybdophosphates 
 
The molybdophosphates with anionic octahedral-tetrahedral frameworks are a group of 
materials that, like the framework aluminosilicates (zeolites) and titanosilicates, offer a 
wide variety of possibilities for synthetic manipulation of the properties of the 
compounds [91]. However, very little data is available on the ion exchange properties of 
these materials.  
 
Generally, the molybdophosphates are synthesized hydrothermally at 170-200°C in 
reactions taking from one day to two weeks, usually with an organic template as a 
directing agent for the structure formation. One of the typical primary building blocks in 
the molybdophosphates is the [Mo6P4O24(OH)7]5- ion (Figure 5). It is the basis of the 
polymeric sodium molybdophosphate, (PPh4)2[(H3O)2 NaMo6P4O24(OH)7]5H2O 
(NaMoPO) [92] and the microporous ferric molybdophosphate 
(TMA)2(NH4)2[Fe2Mo12O30(H2PO4)6(HPO4)2] nH2O (FeMoPO) [93]. The organic 
template in the synthesis of NaMoPO is 4-phenylpyridine (PPh4+), and 
tetramethylammonium (TMA+) in the case of FeMoPO. The reactions usually require 
the presence of metallic molybdenum to reduce Mo(VI) in the starting material to 
Mo(V) to avoid the formation of the unwanted Keggin-type heteropolymolybdate [92]. 
 
Figure 5. A primary building block (Mo6P4O24(OH)75-) in the molybdophosphates [91]. 
 
 
The structure of NaMoPO is composed of [(H3O)2NaMo6P4O24(OH)7]2- clusters, which 
are hydrogen-bonded into two-dimensional sheets. The Mo6P4O24(OH)7 unit has a 
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charge of −5, which is compensated for by PPh4+ cations, the Na+ cation, and two H3O+ 
cations between the two-dimensional sheets, thus completing the three-dimensional 
structure [92]. In FeMoPO the structure is constructed from Fe[Mo6P4O24(OH)7]2 units 
bridged together, forming a three-dimensional structure in which the pores are filled 
with water, NH4+ and the TMA+ cations of the organic template [93]. 
 
Before a material prepared with an organic templating cation can act as an efficient ion 
exchanger, the organic molecule must be removed. This often requires gentle heating of 
the compound to a higher temperature (200-400°C), which in some cases may lead to a 
destruction of the framework. This is most likely to happen in the case of the layered 
oxide [N(C3H7)4(NH4)][(MoO)4O4(PO4)2] (MoPO) [94], which consists of sheets of 
Mo4O8 cubes linked to the phosphate tetrahedra. The tetrapropylammonium cations 
(TPA+) of the template and the ammonium cation are located in the large cavities 
between the layers. The removal of these molecules most likely will result in a collapse 
of the layered structure, and thus in a loss of the ion exchange properties.  
 
The ammonium molybdophosphate (NH4)3PMo12O40•nH2O (AMP) is a well-known 
cesium selective ion exchanger in acidic solutions, and may be prepared by simple 
precipitation [18] without a template. The two isostructural compounds 
KMo(H2O)O2PO4 (KMoPO) and NH4Mo(H2O)O2PO4 (NH4MoPO) [95] are also 
structurally related to AMP. They are constructed of layers of MoO6 octahedra and 
PO43- tetrahedra that form rings occupied by the K+ and NH4+ cations. Because no 
organic template is used in the hydrothermal syntheses of these materials, they may act 
as ion exchangers without further heating. A complete amorphization of the structures 
has been noted to happen at > 300°C [95]. 
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4 EXPERIMENTAL 
 
4.1 Syntheses 
 
4.1.1 Sodium titanosilicates 
The sodium titanosilicate samples for this work were synthesized according to 
procedures as described in detail in I. Usually the titanium (tetraisopropyl orthotitanate, 
97% TIPOT) and the silicon (tetraethyl orthosilicate, 99% TEOS) sources were mixed 
(~1:1 mole ratio) with a base (NaOH), and reacted with additional water in a Teflon-
lined pressure vessel at 170°C for 5, 7 or 8 days. The concentration of the base and the 
reaction volume were varied to obtain products of different crystallinities. Four sodium 
hydroxide concentrations, 0.5 M, 1.5 M, 4 M and 6 M, and two reaction volumes, 48 ml 
(code: TAM) and 61.5 ml (code: TSi), were used in the hydrothermal syntheses.  
 
4.1.2 Antimony silicates and the other mixed metal oxides 
Hydrous products of the antimony silicates can be obtained in acidic precipitation 
reactions by mixing equal amounts of antimony and silicon [70, 82]. 
An amorphous product formed when KSb(OH)6 and TEOS were mixed in distilled 
water acidified with HNO3 (KSbSi), and a crystalline material with a structure of the 
pyrochlore in a reaction with SbCl5, Na2Si3O7 (with SiO2 ~27wt%) and HCl at 60οC in 
one day (SbSi) [II, V]. When KSbSi is calcined at 1100°C, a potassium antimony 
silicate K4Sb4O8(Si4O12) [66, 70] is formed which does not show significant ion affinity. 
In an earlier work, Sb:Si mole ratios of 2:1, 3:1, 1:2 and 1:3, in addition to 1:1, were 
used in order to optimize the synthesis conditions of KSbSi for optimum 85Sr and 57Co 
uptake [96-97]. The effect of heating temperature (100-800οC) on strontium and cobalt 
affinity was also studied. 
 
In an attempt to improve the selectivity of the antimony silicates towards other 
important radionuclides, especially 134, 137Cs, a third element was added to the 
compounds [II, V]. The metals Ti4+, Nb5+, Mo6+ or W6+ were introduced to the reactions 
of SbSi and KSbSi through the addition of aqueous solutions of TiCl4 (99%), NbCl5, 
NH4(MoO3)2 or Na2WO4•2H2O. Several batches of KSbSi-W and SbSi-W compounds 
were prepared in an earlier work [97] and reproducibility of the product, measured in 
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terms of radionuclide distribution coefficient (KD) was found to be better for the 
crystalline pyrochlore materials than the amorphous materials. The average deviation 
between values for two batches was ~15% for the crystalline materials. 
 
Other binary metal oxides of the pyrochlore structure, such as antimony titanate, 
titanium tungstate and niobium silicate, were prepared by precipitation in acid at 55°C 
or 77°C and in hydrothermal reactions at 150-190°C at acidic or neutral pH. These 
binary oxides were, like the antimony silicate, doped with a third metal (W6+, Sb5+ or 
Nb5+) to obtain ternary systems [III, IV]. In addition to the appropriate effective ionic 
radii and charges of the elements, the reaction pH and temperature strongly affect the 
formation and the composition of the pyrochlore phase [73, 98]. Urea was used to 
neutralize the hydrothermal reactions of the titanium tungstate compounds and the 
antimony tungstates through the acidic hydrolysis of CH4N2O, which results in the 
formation of ammonia, thus giving products in NH4+ form. 
 
 
4.2 Characterization of materials 
 
The titanosilicates [I], some of the antimony silicate compounds [II and V], and the 
molybdophosphates [VI] were characterized by powder X-ray diffraction (XRD) using 
a Philips PW1710 diffractometer operating at 40 kV and 50 mA. Relative crystallinity 
of products was estimated from the observed peak widths and intensities in the patterns. 
Thermogravimetric analysis (TGA) was performed to determine the water content with 
a Mettler-Toledo TA800 unit at a heating rate of 10°C min-1 under a N2-atmosphere. 
Elemental analyses were performed out-of-house with inductively coupled plasma - 
atomic emission spectrometry (ICP-AES) for dissolved samples of the titanosilicates 
and the molybdophosphates. The elemental compositions in some of the antimony 
silicate samples [II, V] were performed out-of-house on solid samples by X-ray 
fluorescence (XRF). 
 
The X-ray diffraction data for the hydrous metal oxides of the pyrochlore structure [III, 
IV] were collected using a Scintag PAD-V operating at 40 kV and 30 mA. A 
thermogravimetry Dupont Analyst 2000 system was used to determine water content in 
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these samples. Elemental analyses were conducted on dissolved samples by direct-
coupled plasma (DCP-AES) with a SpectraSpan VI spectrometer. Approximate particle 
size determinations were obtained for the pyrochlore samples with a Zeiss DSM 962 
scanning electron microscope (SEM).  
 
 
4.3 Ion exchange experiment procedures 
 
All synthesized materials were first evaluated for 134 or 137Cs, 85 or 89Sr uptake by 
determining the distribution coefficients (KD) in model solutions that simulated simple 
aqueous nuclear wastes (0.1 M HNO3 and 0.1 M NaNO3). The molybdophosphates 
were also evaluated for the uptake of several corrosion products (60Co, 63Ni, 51Cr, 54Mn, 
59Fe, and 65Zn) and actinides (241Am, 236Pu). 134Cs (T½=2.06 a; γ=605 keV), 85Sr (T½=65 
d; γ=514 keV), 89Sr (T½=50.5 d; β-=1.5 MeV) and 57Co (T½=271 d; γ=122 keV) were 
used as radiotracers for 137Cs, 90Sr and 60Co, because of their user-convenience and 
shorter half-lives. γ-activities were detected with a Wallac 1480 Wizard 3 counter and 
the β-activities with a liquid scintillation counter Wallac LKB 1217 Rackbeta (63Ni, 
236Pu) or a Wallac 1410 counter (137Cs, 89Sr). The distribution coefficient (KD) 
experiments and the studies on the effect of pH and the presence of the common macro 
components (K+, Na+ and Ca2+) on 85Sr, 134Cs and 57Co uptake were carried out by the 
batch method. The exchanger was equilibrated with the solution traced with a 
radioactive isotope for 1-4 days, after which the solid was separated from the solution 
by centrifugation and filtration through 0.22 µm filters. For the radionuclide - macro ion 
isotherm determinations, the exchanger was first converted to the appropriate cationic 
form in several equilibrations with 1 M metal salt solution. 
 
The distribution coefficient (KD) values were calculated according to  
 
 KD = 
[ ]
[ ]eq
eq
A
A
 = 
concentration in exchanger
concentration in solution
A A
A
V
m
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=
−( )0   (5) 
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where [ ]eqA  and [Aeq] are the concentrations in the exchanger and the solution, 
respectively. A0 and Aeq are the activities of the tracer initially and at equilibrium, 
respectively, and V m-1 is the solution volume to exchanger mass ratio (batch factor, ml 
g-1). The uncertainty for the KD value arises mainly from the standard deviation of the 
activity measurements of A0 and Aeq, as the deviations in V and m are very small. The 
error is more significant in cases when activity (count rate) is low, i.e. approaches the 
background (KD value is very high) than in cases of high activity. Thus, the error can be 
decreased by increasing A0 and V m-1. Typically, the conditions have been chosen so 
that when the KD value is in the order of a million, the error is 10-30%, but for a value 
of 10 000 ml g-1 the error would be about one percent. 
 
The element concentrations in the solution phases of the experiments for the uptake of 
inactive alkali and alkaline earth cations were measured with a Varian Spectra AA-300 
atomic absorption spectrometer (AAS) [IV]. The error of determination for AAS is 10-
20% depending on the concentration and the element in the sample. 
 
The titrations of materials in H+-form were conducted in successive batch equilibrations 
(and in dynamic titrations with a Kyoto Electronic AT-310 automatic titrator) in a 0.1 M 
NaNO3 background solution to which different amounts of NaOH had been added. The 
method was similar in the titration of two antimony silicate compounds with cesium 
[III]. 
 
 
5 RESULTS AND DISCUSSION 
 
5.1 Sodium titanosilicate and the effect of crystallinity on the ion exchange 
properties 
 
Selective separation of 90Sr from calcium bearing solutions is an important, but difficult 
task because of the large similarity of the two cations. The presence of the macro 
component calcium in waste solution usually has a detrimental effect on the uptake of 
90Sr even in most strontium selective exchangers. Sodium titanosilicate 
(Na2Ti2O3(SiO4)•2H2O) has shown reasonably good selectivity for strontium over 
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calcium [23], and performs better in 0.1 M Ca(NO3)2 for 85Sr uptake than antimony 
silicates (SbSi1 and SbSiW1) and clinoptilolite. The KD values are one order of 
magnitude higher for the crystalline TSi1 (520 ml g-1) than for the antimony silicate 
compounds prepared in this work (Figure 6). An attempt to further improve this 
property of sodium titanosilicate was conducted by controlling the crystallinity of the 
exchanger through systematic changes in the synthesis variables, with the aim to obtain 
an optimum product for 85Sr/Ca2+ separation [I].  
 
Figure 6. The effect of macro components 0.1 M H+ (grey), Na+ (white) and Ca2+ (black)  
    on the 85Sr distribution coefficients of antimony silicate (SbSi1), antimony 
    silicate doped with W6+ (SbSiW1), sodium titanosilicate (TSi1) and  
   clinoptilolite [I, II]. 
 
 
Figure 6 also demonstrates the need for different materials for the treatment of waste 
solutions of various types. TSi1 is a weak acid exchanger, while the antimony silicates 
are effective for 85Sr removal in 0.1 M HNO3. However, TSi1 is again superior at 
neutral pH in the presence of Na+ [I, II]. 
 
5.1.1 Effect of synthesis conditions on crystallinity 
Concentration of the base, and synthesis volume direct the crystallinity of the 
titanosilicate in a similar manner as in the syntheses of zeolites. OH- seems to enhance 
crystallization, as does water (reaction volume), and they both may also act as a 
structure directors. A well-crystalline product is obtained with 4 M NaOH in a volume 
of 61.5 ml (TSi1, Figure 7) while dilution of the base causes the crystallinity start to 
decrease until a different phase forms in 0.5 M NaOH (TSi3). This phase can be 
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identified as titanosilicate ETS-4 by the characteristic reflection at ~11.6 Å in the 
powder XRD pattern. A mixture of phases forms again when 6 M NaOH is used (TSi4), 
indicating that an excess of NaOH will result in the formation of a sodium titanate phase 
(characteristic peak at 9.7 Å) [Figure 1 in I]. The smaller reaction volume (48 ml) tends 
to produce less crystalline products in general (TAM1, Figure 7), and in this case 6 M 
NaOH is needed to produce a highly crystalline product (TAM5).  
 
Figure 7. Powder XRD patterns of sodium titanosilicate samples [I]. 
 
 
Therefore, as the Si:Ti mole ratio is kept constant it may be concluded that the amount 
of NaOH is a governing factor in the formation of the highly crystalline form of 
Na2Ti2O3SiO4•2H2O. The phase is semi-crystalline with less than 0.2 mol NaOH in the 
reaction and highly crystalline when the amount is between 0.2-0.3 mol (Table 5). 
Undesirable phases form with an excess or deficiency in NaOH [I].  
 
Table 5. The effect of synthesis conditions on the crystallinity of 
sodium titanosilicate samples. 
Sample Volume (ml) n(NaOH), mol Phase 
TSi1 61.5 0.246 Na2Ti2O3SiO4•2H2O 
TSi2 61.5 0.092 semi-crystalline 
TSi3 61.5 0.031 ETS-4 
TSi4 61.5 0.369 sodium titanate 
TAM1 48 0.072 semi-crystalline 
TAM2 48 0.192 semi-crystalline 
TAM3 48 0.072 semi-crystalline 
TAM4 48 0.024 amorphous 
TAM5 48 0.288 Na2Ti2O3SiO4•2H2O 
(Powder XRD patterns of all samples shown in figures 1 and 2 in I). 
5 15 25 35 45
2-Theta, degrees
TAM5
TSi1
TAM1
7.8 Å
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The presence of excess silicon in the reaction (Si:Ti mole ratio ~1) relative to that in the 
molecular formula (Si:Ti = 0.5) also favors crystallization, while synthesis time (5-8 
days) is not a significant factor in these preparative conditions [I]. The source of 
titanium (TIPOT or TiCl4) in reaction is also known to affect the formation of the 
titanosilicate phase, but this effect was not studied in this work. Elemental composition 
of the crystalline TSI1 is comparable to those of the TAM samples 1-3 indicating that 
most likely the differences observed in the ion exchange properties are caused by the 
crystallinity.  
 
5.1.2 Ion Exchange Properties 
Lower crystallinity of the product has been observed to have an increasing effect in the 
85Sr/Ca2+ separation efficiency. Semi-crystalline TAM1 has highest selectivity for 85Sr, 
the distribution coefficient being 55 300 ml g-1 in 0.01 M Ca(NO3)2 at pH 6-7, while it 
is 7 400 ml g-1 for crystalline TSi1 (Figure 8).  
 
Figure 8. The effect of crystallinity of the titanosilicate on 85Sr uptake in Ca(NO3)2 
    (poorly crystalline TAM1 (■), highly crystalline TSi1 (♦)) compared to 
    clinoptilolite (▲) [I]. 
 
 
Equilibrium in samples TAM1 and TSi2 of low crystallinity is reached within seven 
days while the KD value still increases after three months for TSi1 in 0.1 M Ca(NO3)2 
(Figure 9). This suggests that sorption of Sr2+ into the well-structured framework of 
crystalline TSi1 is slower than in the semi-crystalline materials. However, the fact that 
the maximum 85Sr KD value level is ~6 000 ml g-1 for TAM1, but the level of TSi1 
 
1
2
3
4
5
-2.5 -2 -1.5 -1 -0.5 0 0.5
Log(Concentration of Ca(N O 3)2) at pH 6-7, M
L
og
(85
Sr
 K
D
), 
m
L
 g- 1
- 1.11
-0.93
-1.21
  30 
remains low (~2 000 ml g-1) indicates that the exchange kinetics is not the most 
significant reason for the better separation of 85Sr from Ca2+ in TAM1 (Figure 9).  
 
Figure 9. The effect of equilibration time on 85Sr distribution coefficients in  
   0.1 M Ca(NO3)2 (pH 6.5-7.2) in titanosilicates in Ca2+ form  
  (TSi1 ♦; TSi2 ◊; TAM1 ∆; TAM2 ▲) [I]. 
 
 
It is possible that additional exchange sites for strontium are available in the semi-
crystalline product. The slight deviation of the slope of log(85Sr KD) in the 85Sr-Ca2+ 
isotherm from the theoretical value (-1 for Sr2+/Ca2+ exchange, equation 4) also 
indicates that in addition to ion exchange, another sorption mechanism may have taken 
place. In the case of TAM1 this may be sorption of strontium to the surface of the semi-
crystalline material (Figure 8). The larger deviation of the slope of TSi1 from -1 may be 
caused by the slower diffusion of the cations in the tunnels of TSi1, and thus full 
equilibrium had not yet been reached in 1 M Ca(NO3)2 during the 4-day equilibration 
time. 
 
Although the semi-crystalline samples show high affinity for 85Sr, and they reach 
equilibrium quicker than the materials of higher crystallinity, they seem to be less 
resistant against chemical and physical strain. This is observed as a decrease in the 85Sr 
KD values for TSi2, TAM1 and TAM2 after a long time of equilibration caused by slow 
peptization of the material (Figure 9). 
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Other competing cations K+ and Na+ interfere strongly with cesium uptake at high pH in 
sodium titanosilicate [18]. However, an improvement in 134Cs affinity over potassium is 
obtained with exchangers of lower crystallinity [I]. The 134Cs KD value is almost two 
orders of magnitude higher for TAM1 than for TSi1 in 0.1 M KNO3 at neutral pH 
(Table 6). It has been explained by Clearfield et al [20, 53] that uptake of both 
potassium and cesium occurs at the tunnel site of the framework, and therefore 
potassium competes for the same space as cesium. This property may not be as 
significant in less crystalline materials as irregularities in the structure may allow for 
easier entrance of Cs+ to other exchange sites. The exchanger also prefers K+ to Na+, 
and thus the 134Cs KD values are several orders of magnitude higher in the presence of 
Na+ than K+. 
 
Table 6. 134Cs distribution coefficient (KD, ml g-1) in 0.1 M MNO3, 
where M=K+, Na+, for sodium titanosilicate samples of different  
crystallinity compared to clinoptilolite [I].  
M TSi1 TAM1 Clinoptilolite 
K+ 500 27 500 300 
Na+ 5 820 000 2 480 000 5 100 
 
 
Although lower crystallinity improves the selectivity for cesium over potassium it does 
not affect the Na+ uptake capacity of the exchanger in H+-form, and a value of ~3.5 meq 
g-1 at pH 7 is obtained in 0.1 M NaNO3 (determined graphically, figure 8 in I) for all the 
titanosilicate samples. This value is very close to the one (3.75 meq g-1) determined for 
Na+/H+ exchange by Clearfield et al below pH 8. Sodium starts to fill the tunnel sites at 
pH >8 giving a maximum capacity of 7.5 meq g-1, which is the same as the theoretical 
capacity of the material in proton form (H2Ti2O3SiO4•1.6H2O). The capacity for cesium 
(2.1 meq g-1) is only ~28% of this value [20]. 
 
It may be concluded that the improved selectivity for 85Sr and 134Cs over Ca2+ and K+, 
respectively, in semi-crystalline sodium titanosilicates is partially caused by facilitated 
diffusion of the nuclides, access of the nuclides to new exchange sites, and to some 
extent in addition to ion exchange, by the presence of other sorption mechanisms. 
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5.2 Antimony silicate 
 
Antimony silicates (KSbSi and SbSi) are acidic ion exchangers in character and have 
significantly higher affinity for 85Sr in acidic conditions than several commercially 
available ion exchangers (Figure 10). The 85Sr KD values are two to three orders of 
magnitude higher for the amorphous KSbSi and pyrochlore SbSi at pH ~2.5 than for 
sodium titanosilicate (TSi1) and the natural zeolite clinoptilolite. The weakly acidic 
sodium titanate (SrTreat) behaves very similarly to the titanosilicate above pH 6 but 
while they reach a slightly higher KD value level at pH > 10, they are not efficient for 
strontium uptake at pH values below 6. SbSi is also selective for other important 
radionuclides (241Am, 236Pu and 59Fe) in 0.1 M HNO3 as well as acidic 0.1 M NaNO3 
and even its affinity for 57Co is reasonable (KD = 4 300 ml g-1 in acid) [II, V]. These 
properties encouraged for further development of the hydrous antimonates. 
 
Figure 10. 85Sr distribution coefficient in 0.1 M NaNO3 as a function of pH for  
     antimony silicates (■ :SbSi; □ :KSbSi), sodium titanosilicate (▲ :TSi1), 
     sodium titanate SrTreat® (♦) and clinoptilolite (○) [II]. 
 
 
The preparative conditions, such as the nature of starting materials, composition of 
reaction mixture, aging time and synthesis temperature, commonly affect the ion 
exchange properties of hydrous oxides especially those amorphous in nature [1, 77]. 
Amorphous KSbSi is formed in a reaction of KSb(OH)6, TEOS and HNO3, while the 
acidic hydrolysis of pentavalent antimony (SbCl5) and Si4+ (Na2Si3O7) in HCl results in 
the crystallization of a product of the pyrochlore structure (SbSi1). In an earlier work, 
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the synthesis conditions of the amorphous KSbSi were optimized for 85Sr and 57Co 
uptake by varying the Sb:Si mole ratio in reaction [96-97]. It was found that a mole 
ratio 1:1 averagely gave the best product for the removal of the nuclides from 0.1 M 
HNO3. Hydrous antimony pentoxide (a material without silicon) is the most selective 
material for 85Sr in acid, but the addition of silicon increases tolerance for macro 
component Na+, as well as affinity for 57Co in acid [II, V].  
 
More attention was given to the studies on the ion exchange properties of the pyrochlore 
SbSi1 as more regularity could be expected in the properties of the crystalline 
compound than those of the amorphous one. The Na+ uptake capacity of SbSi1 in H+-
form is 2.7 meq g-1 at pH ~7, which is only about 53% of the ion exchange capacity of 
the hydrous antimony pentoxide (H3O+)2Sb2O6•H2O (5.1 meq g-1 [63]). It is assumed 
that silicon mostly substitutes at the A site of the pyrochlore (A2B2O6O') based on the 
small difference between the lattice parameters of the antimony pentoxide (a~10.38 Å) 
[1], and that of the antimony silicate SbSi1, a~10.39 Å (in H+-form) [IV]. This would 
be in an agreement with the fact that the role of the A2O' chain is not very significant in 
the stabilization of the structure, and that substitution of Sb5+ with small Si4+ at the B 
site would show as a larger change in the lattice parameter. Substitution at the A site of 
(H3O+)2Sb2O6 would also explain the loss in capacity in (H3O+)2-xSixSb2O6 resulting 
from the reduction in the amount of structural water. It is known that structural H3O+ 
greatly affects the capacity and exchange kinetics of inorganic exchangers such as the 
hydrous metal oxides and zeolites [61, 99]. The removal of H3O+ and surface hydroxyl 
groups from amorphous KSbSi, and the concomitant loss of ion exchange capacity, was 
also evidenced by the clear decrease in distribution coefficients (KD) upon heating the 
compound to temperatures above 450°C [96]. Nevertheless, the addition of silicon to 
antimony pentoxide decreases affinity for Na+ and thus antimony silicate (SbSi1) is 
more selective for Sr2+ in NaNO3. 
 
5.2.1 Experiments with simulated waste 
With the aim of the study being the development of new exchangers for the treatment of 
nuclear waste, the optimized amorphous KSbSi was evaluated for 85Sr, 134Cs and 57Co 
uptake from simulated waste solutions against the crystalline silicotitanate (CST) and 
clinoptilolite. It was found in experiments conducted by the batch method [97] that 
  34 
relative to CST and the zeolite, KSbSi is a superior sorber for 85Sr in simulated fuel 
pond water. 85Sr KD values as high as 25 000 ml g-1 at pH 4 and 70 000 ml g-1 at pH 9 
were obtained with KSbSi, while CST had a comparable value (65 000 ml g-1) only at 
pH 9.5. The performance of clinoptilolite is not much affected by the pH, and the KD 
values remained at a relatively even level (~10 000 ml g-1) between pH 4-10. KSbSi is 
also more efficient in the uptake of 57Co from simulated floor drain water than the 
reference materials. The 57Co KD value (11 000 ml g-1) for KSbSi at pH 6 is very good 
for cobalt uptake, while a pH > 10 is required for the weakly acidic CST to reach the 
same KD value level of KSbSi in this pH region (~100 000 ml g-1). However, this high 
KD value most likely is partially due to precipitation of Co2+ at pH > 10. On the other 
hand, the strong interfering effect that Na+ has on 134Cs uptake in KSbSi was 
demonstrated in experiments with simulated Sellafield area groundwater (sea water). 
Both CST and clinoptilolite perform better than KSbSi in this simulant as well as in the 
fuel pond water, which both contain relatively high amounts of Na+ (8 300 ppm and 100 
ppm, Table 3). Sodium is a significant interference for CST only in alkaline pH. All the 
materials are equally poor (KD < 1 000 ml g-1) in separating 85Sr from the Sellafield 
groundwater simulant, which contains high concentrations of calcium (1 080 ppm) in 
addition to sodium [97].  
 
These experiments demonstrated the superiority of antimony silicate for selective 85Sr 
and 57Co removal from acidic waste solutions compared to well-known commercial 
products. However, its efficiency for 85Sr and 134Cs uptake is considerably decreased in 
the presence of calcium and sodium, respectively. 
 
5.2.2 Antimony silicate doped with Ti4+, Nb5+, Mo6+ or W6+ 
In an attempt to increase cesium selectivity in antimony silicate, it has been doped with 
a third element [II, III, V]. These metals are Ti4+, Nb5+, Mo6+ and W6+, and they have 
been chosen on the basis of the effective ionic radii of the cations (0.60 ± 0.04 Å), and 
the closeness of this value to the effective ionic radius of Sb5+ (0.60 Å). Therefore the 
metals are expected to substitute for antimony in the pyrochlore framework of antimony 
silicate. Addition of an element of higher charge than +5 is also expected to increase the 
acidity of the material, thus making the exchanger more effective in acidic conditions. 
Also, considering the origin of capacity in zeolites (Si/Al ratio), an increase in the 
  35 
negative framework charge with an increase in the amount of an element of lower 
valence than +5 (Sb5+) could also be assumed to increase the capacity of these 
pyrochlores. Similarly, incomplete substitution may produce defect-pyrochlores with 
still different ion exchange properties. 
 
The doping of antimony silicate with Ti4+ demonstrates well the effect a metal of lower 
valence than +5 has on the acidity of the exchanger. Ti4+ in the compound causes the 
behavior to be more like that of a weakly acidic exchanger, it not being efficient in 
acidic conditions anymore [II]. This product (TiSS) is poorly crystalline, and as it 
shows no significant improvement in the ion exchange properties compared to the 
undoped antimony silicate, it has not been studied further. Similarly, the addition of 
Mo6+ produced a material with no improvement in affinity for 85Sr, 134Cs or 57Co 
compared to KSbSi and SbSi [II]. The structure of MoSS is similar to that of AMP (as 
observed in the powder XRD pattern), and although AMP is highly selective for cesium 
in acid, MoSS has low affinity for 134Cs overall. 
 
Significant increase of cesium affinity in acid is obtained with the incorporation of Nb5+ 
into antimony silicate [II, III]. 137Cs KD value is 3 700 ml g-1 for SbSi1, but 8 200 ml g-1 
for a product with a Nb:Si mole ratio of 0.01 (SbSiNb1). The antimony to silicon ratio 
in all products is about 1. The KD value increases further to 14 900 ml g-1 (SbSiNb2) 
with a ten-fold increase in the niobium content. However, a further increase in niobium 
(mole ratio Nb:Si>0.5 in reaction) decreases the selectivity again [II]. Interestingly, 
137Cs selectivity in 0.1 M HNO3 is even higher (KD = 44 000 ml g-1) in a poorly 
crystalline niobium silicate (NbSi1 with no Sb) with a Nb:Si mole ratio of 0.8. 
However, this high affinity may partially be attributed to the low crystallinity of the 
sample. The fact that the 85Sr KD values are also very high in the crystalline SbSiNb 
compounds (180 000 ml g-1 in 0.1 M HNO3 and 60 300 ml g-1 in 0.1 M NaNO3 for 
SbSiNb2) indicate that further fine-tuning of the Sb:Si:Nb ratio may lead to an 
exchanger with both Cs+ and Sr2+ selectivity in acidic conditions and in the presence of 
the interfering sodium [III]. 
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Incorporation of W6+ into antimony silicate also significantly improves cesium affinity. 
134Cs KD values are almost one order of magnitude higher in WSbSi2 (W:Sb=0.6) and 
WSbSi6 (W:Sb=0.4) samples (~17 000 ml g-1 in 0.1 M HNO3) than in the undoped 
antimony silicate (SbSi) [II]. Titration of the antimony silicate compounds in H+-form 
reveal that the capacity for Cs+ is increased almost three-fold upon tungsten 
incorporation. The capacity is 0.5 mmol g-1 in H+-SbSi1, but 1.3 mmol g-1 in H+-
SbSiW1 at pH 6-7 in CsNO3 [III]. This is in disagreement with the 'zeolitic' assumption 
made earlier that lower framework charge would decrease capacity (assuming that 
substitution occurs between W6+ and Sb5+ in the BO6 octahedra). Thus the observed 
increase in the capacity for Cs+ must arise from other factors.  
 
However, no improvement in the selectivity for 134Cs over sodium is obtained by the 
addition of Nb5+ or W6+ to antimony silicate, as demonstrated by the low KD values in 
0.1 M NaNO3 (< 40 ml g-1) [III]. The preference for Na+ over Cs+ in the antimony 
silicate compounds is also demonstrated by the Na+/H+-exchange capacities of H+-
SbSi1, H+-SbSiW1 and H+-SbSiNb1 (2.35 - 2.9 mmol g-1 at pH 6.2-6.4 determined 
graphically from the 'batch' curves), which are several times larger than that for Cs+/H+-
exchange (1.3 mmol g-1). However, as selectivity does not interconnect with capacity 
the observed higher selectivity for 134Cs in acid than in NaNO3, cannot solely be 
explained by elemental composition. 
 
A significant weakness in the antimony silicates is their low tolerance for the interfering 
Ca2+ in strontium uptake, and no improvement in this property can be achieved with 
W6+-doping. However, the crystallinity of the compound is again, as in the case of 
sodium titanosilicate, an important factor in obtaining better separation of Sr2+ from 
Ca2+. The uptake of 85Sr in the presence of macro amounts of calcium by amorphous 
WKSbSi1 is slightly better than that in the crystalline pyrochlores, although the 85Sr KD 
values are very low overall (< 3 000 ml g-1) [II]. In general, the antimony silicates have 
high affinity for alkali and alkaline earth metals, but do not have specific selectivity for 
any certain cation. Thus individual separation of the group I and II elements from each 
other is low [IV]. 
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5.2.3 Optimization of the antimony silicate doped with tungsten 
As the largest increase in 134Cs selectivity in acid is obtained by doping antimony 
silicate with tungsten, a series of syntheses with different W6+ amounts in the reaction 
mixture was conducted in order to fine-tune the properties of the Sb-Si-W compound 
for optimum 134Cs, 85Sr, and 57Co uptake in acid (Table 7) [V, 96-97]. The effect of 
aging time was also studied by letting part of the reaction mixture sit in the mother 
liquor for additional days (products aged for 1 and 6 days). 
 
The series shows that 134Cs selectivity increases with the increase in tungsten content 
but has a limit value between a mole ratio 0.26-0.36 for W:Sb (Table 7). A decrease in 
the KD value starts with the degradation in crystallinity of the pyrochlore phase (P 5). 
This trend is similar for 57Co, while the undoped antimony silicate (P 1) (or the material 
with very little tungsten, P 2) has highest affinity for 85Sr. Product 3 (P 3) with an 
Sb:Si:W mole ratio of 1:0.9:0.1 has on average the highest affinity for the three studied 
radionuclides (Table 7).  
 
Table 7. 134Cs, 85Sr and 57Co distribution coefficients (KD, ml g-1) in 0.1 M HNO3 for 
antimony silicates doped with tungsten[V,97]. 
  KD (aged 1 d) / KD (aged 6 d), ml g-1 in 0.1 M HNO3  
Sample  
Sb:Si:W 
mole ratio in 
product (1d) 
134Cs 85Sr 57Co 
P 1 1:81:0 12 400 / 36 300 584 500 / 605 500 2 000 / 12 000 
P 2 1:0.85:0.03 18 100 / 45 000 554 420 / 885 000 3 500 / 33 700 
P 3 1:0.9:0.1 35 700 / 86 400 231 000 / 459 100 2 300 / 33 800 
P 4 1:0.94:0.26 36 500 / 126 000 28 600 / 50 000 1 900 / 10 850 
P 5 1:0.97:0.36 16 800 / 63 600 16 600 / 20 900 510 / 3 030 
35x scale-up 
(aged 4 d) 
---a 86 900 1 200 000 15 000 
a Not determined. 
 
Aging of the product clearly improves selectivity in general, but particularly for 57Co. 
The KD value in P 3 is 2 300 ml g-1 after one-day reaction time, but one order of 
magnitude higher (33 800 ml g-1) after being aged for six days (Table 7). The elemental 
compositions given in table 7 are those for products reacted for one day. It cannot be 
concluded at this stage whether there was a significant change in the mole ratios upon 
aging, which may have resulted in the increase in the distribution coefficients as no 
elemental analysis has been conducted on products aged for 6 days. There is no 
significant difference in the powder XRD patterns of the samples. 
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As reaction volume of synthesis also commonly affects the crystallization, and therefore 
the ion exchange properties of an inorganic exchanger, the synthesis of P 3 was also 
performed in large scale [V, 97]. The reaction volume was increased by a factor of 35 
from 200 ml in the laboratory scale to seven liters. Preparation of the Sb-Si-W 
exchanger in large-scale amounts does not significantly decrease the affinity for 134Cs, 
85Sr or 57Co in 0.1 M HNO3 relative to P 3 aged for 6 days (Table 7). The exceptionally 
high 85Sr KD value may indicate the presence of an amorphous or isostructural phase of 
the highly strontium selective antimony pentoxide (undetected in the powder XRD 
pattern). The slightly lower 57Co KD value is assumed to be the result of the difference 
in aging times (4 to 6 days). Optimization of this synthesis procedure with the view of a 
possible industrial manufacture has been continued by INEOS Silicas Ltd., UK. 
 
Another important improvement attained by doping antimony silicate with tungsten is 
an increased mechanical stability. P 3 (Sb:Si:W 1:0.9:0.1) was evaluated for 
breakthrough capacity in column experiments in 0.1 M HNO3 and simulated neutral fuel 
pond water feeds. The results are consistent with the distribution coefficient data 
obtained by the batch method. P 3 performs extremely well in 0.1 M HNO3 for 85Sr (1% 
breakthrough at 17 000 bed volumes) and reasonably well for 134Cs (5 000 BV). The 
performance is still very good for 85Sr and 57Co in the fuel pond water feedstream, but 
the presence of Na+ (100 ppm) significantly decreases the uptake of 134Cs. Nevertheless, 
these results suggest that Sb-Si-W (P 3) would be a promising material for applications 
in the removal of radioactive strontium and some activation corrosion products from 
dilute acidic nuclear waste as well as neutral spent fuel storage pond waters and floor 
drain waters [V]. 
 
 
5.3 Hydrous metal oxides of Sb, Nb, Ti and W of the pyrochlore structure 
 
The observation that incorporation of tungsten into antimony silicate improves the 
affinity for cesium, motivated the attempt to study the ion exchange properties of other 
metal oxide pyrochlores through framework cation substitutions. Substitution of Ge4+ 
(r~0.53 Å) for Ti4+ (r~0.605 Å) in the framework of pharmacosiderite titanosilicate has 
already proven to give materials with improved affinity for strontium and cesium. The 
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KD value for cesium has been observed to increase from almost zero to 45 000 ml g-1 
with a ~0.2 Å increase in the lattice parameter of the cubic pharmacosiderite phases in 
potassium form [3-4]. Addition of Ti4+, Nb5+ or W6+ in varying amounts into the 
pyrochlore framework of antimony silicate, antimony titanate and titanium tungstate 
resulted in lattice parameters between 10.2824-10.4387 Å for these materials in the 
proton form [III, IV]. 
 
As noted earlier, a broad range of materials with the pyrochlore structure may 
crystallize providing that the effective radii of the cations and the synthetic conditions 
(reaction temperature, pH and elemental composition) are appropriate. A pyrochlore of 
antimony titanate crystallizes in an acidic hydrolysis of equal amounts of Sb5+ and Ti4+ 
at 60°C (Sb:Ti mole ratio 0.67 in product), but an increase in the synthesis temperature 
leads to a crystallization of the rutile structure [III]. Poorly crystalline titanium 
antimonates of the rutile structure have been prepared in another work by refluxing 
mixtures of Ti4+ and Sb5+ in distilled water at 95-100°C [100]. The addition of titanium 
into the synthesis of hydrous antimony pentoxide has also been observed to lead to a 
rutile structure by other workers when Sb:Ti mole ratio is < 0.86 in water ([H+]~0.5 M) 
[84, 101]. Thus the pH seems to be the significant factor in the formation of the 
antimony titanate pyrochlore. 
 
Typically, the pyrochlores in this work were synthesized by three procedures: 
 
(1) Precipitation by hydrolysis at pH <1 in ~1.48 M HCl at 55 or 77°C   
(2) Hydrothermal reaction at 150-190°C in similar acidic media 
(3) Hydrothermal reaction at 150-190°C at neutral pH in the presence of urea.  
 
Compositions of the products and the procedure used in each reaction are given in III. 
 
The preliminary ion exchange experiments indicate that in general the binary oxides 
either have very low or very high selectivity for strontium or cesium, but that a ternary 
system is more likely to possess selectivity for both [II, III]. The binary oxide antimony 
tungstate has low affinity for cesium as well as strontium in acid, and titanium tungstate 
has low affinity for strontium while it is selective for cesium. An almost linear trend is 
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observed in the 134, 137Cs KD values in 0.1 M HNO3 as a function of W6+ content in Sb-
Si-W and Sb-Ti-W pyrochlores (Figure 11). The highest 134Cs selectivity is obtained in 
a binary oxide, silicon tungstate of the tungstite structure, but this material completely 
lacks affinity for strontium and cobalt [II]. Similarly, the relative amount of antimony in 
these compounds seems to govern strontium selectivity (Figure 11). The highest 
distribution coefficient for strontium is again obtained with antimony pentoxide 
(Sb/Mtot=1) [II, III] while it decreases as Sb/Mtot approaches zero (e.g. Si-W, Ti-W). 
Thus further fine-tuning of the Sb5+ and W6+ contents in Sb-Si-W and Sb-Ti-W 
compounds may result in exchangers with relatively high affinity for both strontium and 
cesium in acidic conditions.  
 
Figure 11. The effect of antimony and tungsten content on 85, 89Sr and 134, 137Cs distribution 
coefficients (KD, ml g-1), respectively, in antimony silicates doped with tungsten, titanium 
tungstates doped with antimony, silicon tungstate and antimony pentoxide in 0.1 M HNO3. 
(Mtot= Sb+Si+W, Ti+W+Sb, Si+W, Ti+W or Sb)[II,III]. 
 
 
In addition to the probability of a ternary system possessing affinity for 85Sr as well as 
134Cs, the tolerance for the interfering macro components may also be higher in these 
compounds. The titanium tungstates have reasonable selectivity for 137Cs in acid, as 
indicated by the KD values of about 20 000 ml g-1 in 0.1 M HNO3 [III], but sodium 
strongly interferes with the uptake. The affinity for cesium in the presence of Na+ is 
slightly improved by the addition of niobium into TiW. The 137Cs KD value increases 
from 530 ml g-1 in 0.1 M HNO3 to 2 200 ml g-1 in 0.1 M NaNO3 for Nb-doped titanium 
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tungstate (NbTiW2 in Table 8). However, this addition of niobium simultaneously 
decreases its cesium selectivity in acid. 
 
Table 8. 134, 137Cs and 85, 89Sr distribution coefficients (KD, ml g-1) for hydrous metal oxides of Sb, 
Si, W, Nb and Ti of the pyrochlore structure [II, III]. 
134, 137Cs KD, ml g-1 85, 89Sr KD, ml g-1 Sample code Mole ratio in 
product 0.1 M HNO3 0.1 M NaNO3 0.1 M HNO3 0.1 M NaNO3 
SbSi 0.35:1 3 700 350 35 500 16 000 
SbSi1 0.72:1 3 900 10 66 400 48 000 
SbSiW6 1:1:0.4 18 700 ---a 42 200 ---a 
SbSiW1 0.70:1:0.04 4 200 40 178 000 55 500 
SbSiNb2 0.87:1:0.11 14 900 60 180 000 60 300 
SbW1 1:0.61 280 50 90 100 
TiW1 1:0.54 18 300 480 40 650 
TiW2 1:0.93 19 700 530 175 ---a 
NbTiW2 0.1:1:0.57 4 850 2 200 16 4 000 
SbTiW1 0.44:1:0.02 290 70 90 600 
SbTiW2 0.09:1:0.95 2 500 10 35 1 300 
a Not determined. 
 
In general, titanium tungstates behave more like weakly acidic exchangers, having low 
affinity for 89Sr at pH < 7 in 0.1 M NaNO3 (Figure 12).  
 
Figure 12. The effect of pH on 89Sr distribution coefficient (KD) in 0.1 M NaNO3 of  
      antimony silicate doped with W6+ (SbSiW1, ■), antimony titanate doped  
      with W6+ (SbTiW1, ♦) and titanium tungstate (TiW1, ▲) [III]. 
 
 
The acidity seems to be higher in antimony titanate doped with W6+ (SbTiW1) as 
indicated by the high KD values at pH > 3. However, a more likely explanation for this 
'increase in acidity' may simply be the higher Na+/H+-exchange capacity of H+-SbTiW1 
(2.5 mmol g-1) relative to that of H+-TiW1 (≤ 0.5 mmol g-1) [III]. This difference may 
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partially be attributed to the higher water content in SbTiW1 than in TiW1, as well as 
other structural factors, which will be discussed later. The antimony silicate compound 
(SbSiW1) shows strongest acidic nature and is still efficient in 89Sr uptake at pH 2. 
 
However, yet again, none of these metal oxide pyrochlores have good selectivity for 
strontium over calcium, and the 85, 89Sr KD values are generally smaller than 1 000 ml g-
1 in 0.01 M Ca(NO3)2. Interestingly, a titanium antimonate of the rutile structure has 
shown good separation of 85Sr from Ca2+ in another work [100], having 85Sr distribution 
coefficient values between 1 300-10 200 ml g-1 in 0.01 M Ca(NO3)2 at pH 4.5 - 7. 
However, this observation may again be attributed to the relatively low crystallinity of 
the product.  
 
 
5.4 The effect of the unit cell parameter of the cubic pyrochlore on cation uptake 
 
This part of the study focused on the relationship between the lattice parameter of the 
cubic unit cell and the ion exchange properties of the pyrochlore metal oxides. 
The morphology of a highly crystalline titanium tungstate doped with antimony 
(SbTiW2) and a titanium tungstate (TiW2) are shown in figures 13 and 14, respectively.  
 
Figure 13. Electron micrograph (SEM) of the morphology  
of titanium tungstate doped with antimony (SbTiW2). 
 
 
  43 
The shapes of the well-defined octahedral and cube-like particles (0.5-2 µm in diameter) 
deteriorate with the decreasing crystallinity of the products (as determined from powder 
XRD patterns). Scanning electron micrographs (SEM) of antimony silicate and titanium 
tungstate compounds prepared by precipitation show larger particles of irregular shape 
(20-100 µm), which is also in correlation with the lower crystallinity of these products 
[II, IV]. 
 
Figure 14. Electron micrograph (SEM) of the morphology  
of titanium tungstate (TiW2). 
 
 
The rigid three-dimensional framework of the pyrochlore does not undergo substantial 
dimensional change when exchanged to a different cationic form. However, slight 
differences in the lattice parameter of the cubic unit cell have been observed, which are 
contingent upon the degree of hydration and the nature of the in-going cation.  
 
The fact that higher 89Sr distribution coefficients (62 000 ml g-1) are obtained with 
titanium tungstates doped with niobium (NbTiW1) in Na+-form (figure 6 in III) relative 
to those of the exchanger in NH4+-form from synthesis (470 ml g-1) indicate that the 
cationic form of the pyrochlore has an important effect on its ion exchange properties 
[III]. In general, the change in the lattice parameter of a product in NH4+-form upon 
conversion to H+-form is 0.2-0.6%, the ammonium form being the smaller. This is in 
correlation with the radii of the hydration shells of NH4+ (2.13 Å) and H3O+ (3.3 Å) 
[102], which indicates also that part of the ions probably remained hydrated in the 
tunnels. The unit cell becomes smaller in Ca2+-form, resulting from contraction of the 
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lattice, because of the higher charge of Ca2+ and the smaller size of the unhydrated 
cation (r = 1.0 Å). In order to enter the tunnels of the framework, the cations are 
expected to at least partially shed their hydration shells. Dehydration of the pyrochlore 
is again assumed to "relax" the framework, and thus result in an expansion of the cell 
[IV]. Similar trends have been observed in antimony pentoxide [64-65], and in niobium 
and tantalum tungstates of the pyrochlore structure [89], as well as in the cubic 
pharmacosiderite titanosilicates [50].  
 
The lattice parameters of these pyrochlores in proton form (after equilibration in 0.1 
HNO3) range from 10.2758 Å to 10.4387 Å depending on the element combination. In 
general, the unit cells of the titanium tungstate compounds are of smaller size than those 
of the antimony silicate based materials. The clear increase in the distribution 
coefficient (KD) values of 89Sr in 0.1 M NaNO3 (from 160 ml g-1 to 72 400 ml g-1) 
between 10.32 Å and 10.36 Å, indicates that for efficient Sr2+ uptake the lattice 
parameter of the pyrochlore must be larger than 10.32 Å (Figure 15).  
 
Figure 15. The effect of the unit cell parameter of the pyrochlore (initially in H+ form) on 
     the trace ion 89Sr distribution coefficient in 0.1 M NaNO3 [IV]. 
 
 
A similar distinct increase in the distribution coefficients for the other alkaline earth 
metals is also observed between 10.32 - 10.36 Å (Figure 16) [IV]. However, the 
cationic form of the pyrochlore has a significant effect on the lattice parameter value in 
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this region. Conversion of the exchanger to a bivalent metal form (e.g. Ca2+ or Sr2+) 
decreases the size of the unit cell relative to that in the H+-form, which then prevents 
further efficient uptake of the cation. This effect is clearly distinguishable by comparing 
figures 15 and 16. In 10-3 M MNO3 (M = Mg2+, Ca2+, Sr2+, Ba2+) solution the pyrochlore 
is partially converted from H+-form to M-form having a smaller unit cell, which 
explains the observed decrease in the KD values after 10.40 Å (Figure 16). In the 
presence of trace strontium (in 0.1 M NaNO3) the uptake of 89Sr continues to be 
selective at a > 10.40 Å (Figure 15). In this latter case, conversion of the exchanger is to 
Na+-form, and thus the decrease in a is not as substantial. 
 
Figure 16. Distribution coefficients of the alkaline earth metals Mg2+ (!), Ca2+ ("),  
Sr2+(▲) and Ba2+ (#) present in macro amounts (10-3 M) as a function of 
the lattice parameter of the pyrochlore (initially in H+ form) [IV]. 
 
 
As the observed selectivity series of the alkaline earth metals follows the size order of 
the hydrated cations (Mg2+ < Ca2+ < Sr2+ < Ba2+), it may be presumed that the charge 
density of the pyrochlore framework in some cases is too low to strip the hydration shell 
of the bivalent cations. Therefore the large Mg(H2O)2+ (d~6.00 Å [102]) most likely is 
sterically hindered from entering the tunnels of the pyrochlore (< 7 Å).  
 
The selectivity order for the alkali metals is more obscure. It is presumed on the basis of 
the low energies of hydration, and the relatively similar size of the hydration shells of 
these monovalent ions [102] that the shells may have partially been stripped upon 
exchange. Thus variances in the selectivity sequences occur, although the pyrochlore 
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framework again creates steric hindrances, mostly for the large Cs+ ion [IV]. Also, a 
further increase in the lattice parameter a (from 10.36Å to 10.44Å) may not necessarily 
result in an increase in the tunnel size because of the 'replacement' of the small Si4+ 
(r~0.4 Å) in SbSiW1 (a~10.36 Å) with Ti4+ (r~0.60 Å) in SbTiW1 (a~10.44 Å) that 
may concomitantly decrease the tunnel in the inside. 
 
In addition to the steric effect and hydration of the cations, substitution of an element of 
high valence into the framework affects the selectivity and capacity of the exchanger. A 
change in the acidity of antimony titanates doped with tungsten is clearly observed as a 
function of W6+ and Sb5+ contents in the compound. The Sb-doped titanium tungstate 
with high W6+ content (SbTiW2) is strongly acidic (as demonstrated by the sharp 
inflection in the titration curve in IV, figure 4). However, the capacity of this compound 
is very low (0.26 mmol g-1). In contrast, the antimony titanate with low tungsten content 
(SbTiW1) seems to be weakly acidic, but has highest Na+/H+-exchange capacity, 1.9 
mmol g-1. SbTiW1 also has the largest unit cell, 10.4387 Å in the H+-form. This 
indicates that an increase in acidity of these materials may decrease capacity but that an 
increase in the size of the unit cell may to some extent respectively increase it. 
 
Based on the results of this work no definite conclusions can yet be drawn as to where 
substitution may have occurred and whether it has been systematic or random. An 
essential part of the future work is to determine the structures of these pyrochlore 
compounds and thus the exact degree of substitution, which will help in understanding 
the observed ion exchange behavior. Because the degree of substitution so far relies 
mostly on elemental analysis, the presence of amorphous impurity phases such as SiO2 
or Sb2O5•H2O cannot be ruled out. Nevertheless, it has been shown that the synthetic 
conditions, crystallinity and elemental composition of the material have strong effects 
on the selectivity and capacity of these pyrochlores. The acidity of the exchanger, the 
cationic form, and thus the size of the cubic unit cell of the structure, as well as the 
hydration of the exchanging cations, and the charge density of the framework are 
factors, which must all be taken into account until complete understanding of the ion 
exchange properties can be obtained.  
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5.5 Evaluation of molybdophosphates for radionuclide uptake 
 
Five molybdophosphates were synthesized according to literature methods [92-95] and 
evaluated for their ability to remove common radionuclides from simulated nuclear 
waste solutions [VI]. Relatively little research has been conducted on the ion exchange 
properties of these materials. An exception is the ammonium molybdophosphate 
(AMP), which because of its extremely high affinity for cesium in acid [19] has been 
studied extensively, and tested in column applications for the treatment of nuclear 
effluents [38, 103]. AMP has been found to be the superior exchanger for 134Cs of the 
molybdophosphates prepared in this work as well [VI]. The hydrothermally prepared 
and structurally related NH4MoPO is also very selective for 134Cs, and has a KD value of 
23 400 ml g-1 in 0.1 M HNO3 (Table 9). However, this is about half of the value 
obtained for AMP (44 000 ml g-1). AMP tolerates very concentrated acid, and performs 
extremely well for 134Cs uptake even in 14 M HNO3 while the decrease in the KD values 
with the increase in HNO3 concentration is more considerable in NH4MoPO. The 
isostructural KMoPO does not compare, with the 134Cs KD value being clearly smaller, 
870 ml g-1 in 0.1 M HNO3 [VI].  
 
Table 9. 134Cs distribution coefficients (KD, ml g-1) for ammonium 
molybdophosphates AMP and NH4MoPO in HNO3 [VI]. 
134Cs KD, ml g-1  
Concentration of HNO3, M AMP NH4MoPO 
0.1 44 000 23 400 
4 5 900 ---a 
8 5 300 760 
14 2 900 40 
a Not determined. 
 
Although efficient in acid, all three materials behave as weakly acidic exchangers 
(having very gentle inflections in Na+/H+ titration curves, figure 3 in VI). KMoPO and 
NH4MoPO have Na+/H+-exchange capacities of about 2.5 meq g-1 at pH 5, while AMP 
has a value of about 2.8 meq g-1 at pH 4. They all dissolve by pH 6, which is typical of 
the heteropolyacids, and a limitation for their use in many nuclear waste solutions. 
 
AMP also tolerates the presence of the macro component potassium better than sodium 
titanosilicate or clinoptilolite. The 134Cs KD value is 12 800 ml g-1 in 0.5 M KNO3 for 
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AMP while it is only about 100 ml g-1 for Na2Ti2O3SiO4•2H2O. The interference of 
sodium on 134Cs uptake at neutral pH is considerably less than that of potassium. This is 
indicated by the almost two orders of magnitude higher KD values in 0.5 M NaNO3 for 
both titanosilicate and AMP (> 100 000 ml g-1) than in 0.5 M KNO3 [VI]. 
 
Microporous molybdophosphate FeMoPO shows promise for selective uptake of several 
radionuclides in neutral and alkaline conditions. It is also reasonably selective for 241Am 
in 0.1 M HNO3 (KD = 2 140 ml g-1), although NaMoPO seems have even higher 
selectivity (KD = 8 600 ml g-1). The fact that uptake of most of the radionuclides (in 
neutral conditions) except that of 134Cs by FeMoPO is efficient, suggests that the tunnel-
type framework mostly hinders the entrance of the large Cs+ ion. Also, it may be 
assumed that successful complete removal of the organic templating TMA+-molecule 
from the framework without its destruction, would further improve the ion exchange 
properties of FeMoPO. However, should calcination be used, heating of the product 
must be very gentle as degeneration of the structure is already observed at 180°C, and a 
complete destruction occurred by 300°C (as observed in powder XRD patterns). A 
chemical process (exchange) could prove more appropriate for the removal of the 
template. 
 
The layered molybdophosphate (MoPO) is not a particularly selective ion exchanger, 
which is not surprising considering the neutrality of the structure. As presumed, heating 
of the material (> 240°C) in order to remove the template results in the destruction of 
this compound. 
 
 
6 CONCLUSIONS 
 
The many different nuclear waste solutions generated by the nuclear power plants and 
reprocessing plants, and the old 'legacy waste' from the nuclear weapons production set 
challenging conditions for the inorganic ion exchangers aimed for the treatment of this 
waste. In this work, several novel ion exchangers have been developed and existing 
materials modified with the aim to obtain selective media for 90Sr in acidic conditions 
and in the presence of the strongly interfering calcium, 137Cs separation from sodium 
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and potassium, and activation corrosion products (especially cobalt) for which an 
effective commercial material is still lacking. Understanding the origin of selectivity in 
inorganic ion exchangers is essential in development work of this kind, and this aspect 
has been studied in a group of hydrous mixed metal oxides of the pyrochlore structure. 
 
Crystalline silicotitanate (CST) is one of the most promising products for the removal of 
radioactive cesium from nuclear effluents over a broad pH range (1-13). However, at 
still higher alkalinities (encountered in the USDOE wastes) interference from sodium on 
Cs+ uptake is significant, and the separation efficiency greatly decreases. Special 
characteristics of this exchanger are, its selectivity for 90Sr in addition to cesium, and a 
relatively good tolerance for calcium. However, it is not effective for strontium even in 
slightly acidic conditions because of its weak acid nature, and potassium strongly 
interferes with the uptake of both strontium and cesium. In an effort to improve the 
separation of Sr2+/Ca2+ the synthesis of sodium titanosilicate (Na2Ti2O3SiO4•2H2O) has 
been modified to obtain derivatives of the material with a range of different 
crystallinities. The materials of lower crystallinity show an increase in the affinity of the 
compound for 85Sr in the presence of the macro component calcium. At best, the 85Sr 
distribution coefficient (KD) was 55 300 ml g-1 in 0.01 M Ca(NO3)2 in a semi-crystalline 
material (TAM1), while it was only 7 400 ml g-1 in the well-crystalline product (TSi1). 
Similarly, the selectivity for 134Cs in some cases depends on the crystallinity of the 
compound and separation of Cs+ from potassium is higher in materials of low 
crystallinity. 
 
Hydrous antimony pentoxide (H3O+)2Sb2O6•nH2O and antimony silicate are highly 
selective for strontium in acidic solution. This is a very rare property in inorganic ion 
exchange materials, but a very important one in the treatment of nuclear waste 
solutions, which often contain moderate amounts of inactive calcium. An amorphous 
antimony silicate (KSbSi) performs better than the commercial exchangers CST and the 
zeolite clinoptilolite for 85Sr uptake in simulated neutral fuel pond water, and for 57Co in 
a floor drain water simulant. However, it performs rather poorly for the uptake of 134Cs 
because the presence of interfering Na+. Because a crystalline structure is essential in 
obtaining reproducibility in the properties of inorganic ion exchangers, a crystalline 
phase of antimony silicate (SbSi) was prepared by acidic hydrolysis of Sb5+ and Si4+, 
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using different starting materials than those in the synthesis of KSbSi. In an attempt to 
improve cesium selectivity in the crystalline SbSi, its cubic pyrochlore structure 
(A2B2O6O') has been doped with Ti4+, Mo6+, Nb5+ or W6+. The affinity for Cs+ is 
successfully improved by doping the antimony silicate with niobium or tungsten. The 
capacity for Cs+ increases almost three-fold upon W6+ incorporation into the structure, 
but the selectivity for 134Cs in the presence of Na+ is not improved. Cesium selectivity in 
acid is generally high in the isostructural titanium tungstate compounds and the affinity 
increases to some extent with the increase in the amount of tungsten in the pyrochlore, 
but a ternary system typically has higher selectivity in the presence of the interfering 
sodium (e.g. incorporation of niobium into TiW). Similarly, an increase in the antimony 
content in the antimony containing pyrochlores generally improves the affinity for 
strontium. Thus selectivity in these compounds may partially be controlled through the 
elemental composition of the exchanger. Further fine-tuning of the mole ratios of Sb-Si-
Nb and Sb-Ti-W systems may produce products with both cesium and strontium 
selectivity in acidic conditions and in the presence of the interfering sodium. 
 
Addition of an acidic element into the metal oxide also changes the acidity of the 
exchanger, and thus its ion exchange properties. Selectivity for cesium in acid is higher 
in titanium tungstates and TiW doped with Sb5+ (SbTiW2) than in an antimony titanate 
based material (SbTiW1) of low W6+ content. SbTiW1 has also a high Na+/H+- 
exchange capacity (2.5 mmol g-1), while the titanium tungstate based SbTiW2 of low 
Sb5+ content has a low capacity of 0.9 mmol g-1. As selectivity does not interconnect 
with capacity, an increase in acidity (higher W6+ content) may decrease the capacity in 
these pyrochlores. 
 
However, it is not only the elemental composition and acidity of the pyrochlore that 
affect the selectivity, but the porous structure also plays an important part. The three-
dimensional framework sterically hinders the entrance of some hydrated alkali and 
alkaline earth metals. This effect on the ion exchange properties of the pyrochlore 
compounds has been studied as a function of the lattice parameter of the cubic unit cell. 
Capacity and the lattice parameter seem to be related in the ternary systems of SbTiW1 
and SbTiW2. SbTiW1 has both a larger capacity and unit cell (a = 10.4383 Å in H+-
form) than SbTiW2 (a = 10.2824 Å in H+-form). The size of the unit cell also has a 
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clear effect on 89Sr selectivity in 0.1 M NaNO3 between lattice parameter values of 
10.32-10.36 Å. However, the cationic form of the pyrochlore significantly affects the 
size of the unit cell in this region, and the observed increase in the uptake of Sr2+ is 
transient upon conversion of the exchanger from H+-form to Sr2+-form in 10-3 M 
Sr(NO3)2. This decrease, as demonstrated by the distribution coefficient values of the 
alkaline earth metals, is indicative of a decrease in the unit cell at a > 10.36 Å with the 
entrance of the bivalent cation into the framework. 
 
It has been shown that several factors must be taken in account when designing 
selective inorganic ion exchangers for efficient removal of radionuclides from nuclear 
waste solutions. The synthesis conditions must be well controlled and understood as 
they have a significant effect on the crystallization of pure phases of hydrous metal 
oxides as well as the titanosilicate. Only then the development of these materials, and 
their ion exchange properties may be directed towards the ones required. The acidity 
and structure of three-dimensional framework materials may relatively easily be varied 
through elemental composition of the exchanger as well as framework cation 
substitution. More fundamental work on the optimization of the synthesis conditions 
and further investigation of the properties of the most promising materials (SbSiW, 
SbTiW, SbSiNb) in this study is now required. The structure determination of the 
pyrochlore compounds is essential in order to fully understand the observed ion 
exchange phenomena. In the future, the substitution of a larger cation than Sb5+ (r~0.60 
Å), e.g. Zr4+ (r~0.72 Å), or a cation with several oxidation states (e.g. cobalt) for the 
framework cations in the antimonate pyrochlores could be of interest. 
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